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  Abstract 
 
The Hellyer, Fossey, Que River, and Mount Charter volcanic-hosted massive sulfide (VHMS) 
deposits occur within the Que-Hellyer Volcanics of the Mount Read Volcanics in western Tasmania, 
Australia.  The Mount Read Volcanics are a Middle to Late Cambrian, predominantly submarine 
succession of rhyolitic to basaltic volcanic and intrusive rocks with variable proportions of 
intercalated sedimentary rocks.  The VHMS deposits occur along a 6 km north-northwest strike and 
are hosted within the same stratigraphic sequence.   Following the discovery of the Fossey deposit in 
2007, there was renewed interest in improving the current understanding of the geochemical 
features of the hydrothermal alteration zones around these VHMS systems.  This thesis provides new 
geologic information on the Fossey and Mount Charter deposits and advances the overall 
understanding of the whole Que-Hellyer district.   The compilation of a semi-continuous spread of 
regional and deposit-scale data over the 6 km strike length provides a unique opportunity to review 
the entire mineralising system and develop a better understanding of the alteration systematics 
using whole-rock geochemistry, alteration mineral chemistry and spectral analyses.   
The Hellyer deposit is a high grade polymetallic deposit with an irregular elongate shape, 
offset by the steep, north-south striking Jack Fault.  It represents a well preserved example of a 
seafloor vent deposit with a focussed stringer system.  Hellyer is the largest deposit of the four, with 
a pre-mining resource of 16.5 Mt at 0.4% Cu, 7.2% Pb, 13.9% Zn, 169 g/t Ag and 2.6 g/t Au.  The 
Fossey deposit is located approximately 100 m south of the Hellyer orebody.  It is an irregular, 
stratiform zone of barite with minor glassy silica-pyrite mineralisation associated with areas of high 
grade base metal sulfide.  Fossey had a pre-mining resource of 740 kt at 0.5% Cu, 6.8%Pb, 12.4% Zn, 
121 g/t Ag and 2.4 g/t Au.  The Que River deposit is 3 km south of Hellyer and consists of five steeply 
dipping ore lenses (PQ, P North, QR 32, Nico and S).  The four lenses that lie below the extrusive 
dacite have been interpreted to lie within the same stratigraphic horizon above the S lens and the 
current geometric distribution of these lenses is a result of folding and faulting.  Que River had a pre-
mining resource of 3.2 Mt at 0.7% Cu, 7.6% Pb, 13.6% Zn, 204 g/t Ag and 3.5 g/t Au.  The Mount 
Charter deposit is about 3 km south of the Que River deposit and consists of a network of barite 
veins and breccia zones with minor amounts of pyrite, sphalerite, galena, and quartz.   No mining has 
taken place at Mount Charter and but it has a resource of 6.1 Mt at 1.2 g/t Au and 36 g/t Ag. 
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The Mount Charter mineralisation is hosted entirely within the dacitic lavas and breccias of 
the mixed sequence of the Que-Hellyer Volcanics.  These units are strongly altered by pervasive K-
feldspar-quartz-sericite-pyrite with areas of strong chlorite alteration overprinted by K-feldspar and 
quartz.  Coherent lavas contain weak to moderate barite-pyrite-base metal sulfide veining, the clastic 
sections are more strongly mineralised with barite-pyrite-base metal sulfide in the breccia matrix.  
Pervasive K-feldspar alteration suggests a lower temperature hydrothermal system than the Hellyer, 
Fossey and Que River deposits. 
The Fossey deposit also occurs within the mixed sequence, with largely andesitic footwall 
and basaltic hanging wall units like Hellyer.  The main alteration pipe at the Fossey deposit is 
characterised by strong inner quartz-sericite-pyrite alteration and outer sericite-quartz-pyrite 
alteration zones.  Intense Mg-rich chlorite-pyrite alteration is closely associated with massive sulfide 
mineralisation and is restricted to 10 m away from mineralisation.  Minor K-feldspar alteration occurs 
in the polymict breccia adjacent to the massive barite mineralisation and also at the margins of the 
main alteration pipe. 
The Fossey East deposit occurs in the footwall sequence of the Fossey deposit and is 
connected to the Fossey deposit by a massive to semi-massive to barite body.  The presence of a fine 
volcaniclastic layer within the massive barite mineralisation suggests that the Fossey East 
mineralisation may be an offset of the original Fossey deposit.  The andesitic and basaltic footwall 
rocks around the Fossey East deposit are strongly altered by K-feldspar-quartz-sericite-pyrite and 
quartz-sericite-pyrite±K-feldspar.  These alterations zones are surrounded by strong sericite-chlorite-
carbonate-pyrite alteration to form the main footwall alteration pipe.  A stringer zone dominated by 
pyrite-quartz±base metal sulfides is concentrated on the eastern side of the Fossey East footwall 
rocks.  While there is sericite-quartz-pyrite alteration, most has been overprinted by K-feldspar and 
quartz alteration assemblages. 
At Fossey and Fossey East, sericite (white mica) is ubiquitous in the footwall rocks and is the 
more dominant alteration mineral than chlorite in most of the footwall alteration zones.  Isocon 
diagrams comparing the various alteration zones at Fossey and Fossey East show that most of 
alteration are characterised by significant mass gains of K, Ba and Rb and mass loss of Na and Ca. 
Using whole-rock geochemistry, the rocks in the Que-Hellyer district are divided into eight 
alteration groups (strong sericite, moderate sericite, weak sericite, sericite-chlorite, chlorite, sericite-
albite, albite, K-feldspar) and unaltered lithologies.  The strong sericite and K-feldspar groups are 
concentrated along the linear trend from Hellyer to Mount Charter; whereas the weak sericite, albite 
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and least-altered group rocks occupy peripheral locations.  Chlorite alteration is not as dominant as 
sericite in the Que-Hellyer district, its geochemical features tend to be obscured by co-existing 
sericite and host rock compositions.  The use of the Alteration Index, K2O enrichment and Na2O 
depletion are the best whole-rock geochemical indicators for hydrothermal alteration associated 
with VHMS mineralisation.  This hydrothermal alteration is accompanied by enrichment of As, Tl, Sb, 
Mo, W, Rb, and Cs and depletions of Sr and Li. 
Regional SWIR data show that the VHMS mineralisation and alteration halo are characterised 
by long wavelength phengitic mica (Al-OH 2210-2218 nm).  Fe-OH absorption wavelengths also show 
systematic variations that suggest more Mg-rich chlorites are formed proximal to the deposits, while 
relatively Fe-rich chlorites are more common on the peripheries.  Chlorite around the Hellyer, Fossey, 
Que River and Mount Charter deposits and footwall alteration are characterised by Fe-OH 
wavelength of less than 2252 nm.   
Mineral compositions of white mica closest to VHMS mineralisation in the Que-Hellyer 
district is phengitic, with high Mg/(Mg+Fe) and elevated Ba, Tl, Sb, F and locally Zn concentrations.  
These phengitic micas are also depleted in Na, Ni and Co compared to background (least-altered) 
samples.  Chlorite compositions closest to mineralisation are characterised by high Mg/(Mg+Fe) 
ratios with elevated Mg, F, Li, Zn and As concentrations and depleted Aliv, Fe, Na, Co, Ni and Cr 
concentrations.  Proximal to the Mount Charter mineralisation, secondary K-feldspar is enriched in K, 
Ba, Ca, Rb, As, Tl, Sb, Zn and Pb and depleted in Na, Sr and Y. 
The combined use of regional whole-rock geochemistry, SWIR, and mineral chemistry is an 
effective way to highlight prospective areas for VHMS mineralisation.  The use of alteration mineral 
chemistry provides a greater understanding on the controls of alteration mineralogy on whole-rock 
geochemistry.  The major and trace element variation trends in white mica, K-feldspar, and chlorite 
are reflected in whole-rock geochemistry depending on the abundance of the alteration mineral.  
Regional SWIR data can be used to identify hydrothermal upflow zones in the Que-Hellyer district 
and whole-rock major and trace metal trends can be used to vector towards the deposits.  The three 
mineralising systems in the Que-Hellyer district are separated by approximately 3 km.  This appears 
to be the optimal periodicity of the hydrothermal convection cells in this district as suggested by the 
interpreted upflow zones. Based on this research, the areas in the Que-Hellyer district that have 
similar mineralogical and geochemical footprints as the known deposits, and hence the most 
prospective, include the areas at depth north of Hellyer, south of Fossey, and along the high strain 
zone and at depth at Mount Charter.  
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Chapter 1 – Introduction  
 
1.0 Preamble 
 
The Mount Read Volcanics in western Tasmania have been an important volcanic-hosted 
massive sulfide (VHMS) district with a number of well known deposits such as Hellyer, Que River, 
Rosebery, Mount Lyell and Henty (Figure 1.1).   Within the Mount Read Volcanics, the Que-Hellyer 
Volcanics are the host sequence to the Hellyer, Fossey, Que River, and Mount Charter deposits.  The 
Que River and Hellyer deposits were discovered in 1974 and 1983, respectively, and the majority of 
the resource was mined during 1980-1995.  The discovery and delineation of the Fossey deposit by 
Bass Metals in 2008 prompted new interest in the area and additional lithogeochemical analyses and 
spectral data collection were done to reassess the current understanding of the hydrothermal 
system associated with the formation of these deposits.   
 
This thesis project was initiated as part of Bass Metals’ exploration efforts to compile 
recently generated data with existing data that have been accumulated over the years since the 
discovery of the Que River and Hellyer deposits.  This thesis is aimed at improving the current 
understanding of the hydrothermal alteration systems around the less studied Fossey and Mount 
Charter deposits and compare them with the larger orebodies of Hellyer and Que River.  These 
deposits occur within the same “mixed sequence” of the Que-Hellyer Volcanics and for the first time, 
a semi-continuous spread of data is available over the 6 km strike length that these deposits occur in.  
This data provides a unique opportunity to review the entire area as a much larger system and 
develop a better understanding of the alteration system using whole-rock geochemistry, alteration 
mineral chemistry and spectral analyses.   
 
 
1.1 Location 
 
The Hellyer to Mount Charter alteration study encompasses the Hellyer, Fossey, Que River, 
and Mount Charter deposits of the Cambrian Mount Read Volcanics (MRV) in western Tasmania 
(Figure 1.1).  Hellyer and Fossey are located about 90 km south of Burnie, at latitude 41°36’S and 
longitude 145°42’E and UTM (AGD66) coordinates of 5396450N and 393300E.  The deposits occur on 
a north-northeast linear trend , with the northernmost Hellyer deposit having a pre-mining resource 
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of 16.5 Mt at 0.4% Cu, 7.2% Pb, 13.9% Zn, 169 g/t Ag, 2.6 g/t Au (Western Metals, 2000).   The Fossey 
deposit is located immediately south of Hellyer with a resource of 460 kt at 6.9% Pb, 12.6% Zn, 0.5% 
Cu, 127 g/t Ag, and 2.5 g/t Au (Bass Metals Ltd., 2011).  The Que River deposit is located 
approximately 3 km south-southwest of Fossey and had a pre-mining resource of 3.2 Mt at 0.7% Cu, 
7.6% Pb, 13.6% Zn, 204 g/t Ag, 3.5 g/t Au (Aberfolye, 1991).  The Mount Charter deposit is 3 km 
south-southwest from Que River and has a resource of 6.1 Mt at 1.2 g/t Au and 36 g/t Ag (Bass 
Metals Ltd., 2011).   
 
Figure 1.1: Geologic map of the Mount Read Volcanic belt in central western Tasmania, showing the 
distribution of the major lithological associations of the belt and the associated Cambrian and 
Proterozoic sequences (Gifkins et al., 2005). 
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1.2 Exploration History and Mining Status 
 
Prospecting in the Que-Hellyer district began in the early 1900’s.  The first documented 
mining exploration was done in 1922 when Tom MacDonald sank a 6 m shaft at Gold Hill, 500 m 
north of the Que River mine shaft (McArthur and Dronseika, 1990).  He recovered alluvial gold and 
boulders of partly decomposed sulfide rock in the nearby creeks, but did not locate the main ore 
lenses.  The area remained untouched until the 1960’s when the area was once again considered to 
be prospective on the basis of perceived similar host rocks to the Mount Lyell and Rosebery deposits 
(McArthur, 1996). 
 
In 1970, Aberfoyle Resources Ltd. commenced regional mapping and stream sediment 
sampling on the Mackintosh exploration licence and highlighted areas of anomalous lead 
geochemistry  (Webster and Skey, 1979).  In 1972, a helicopter-borne electromagnetic survey was 
completed over 400 km2 of exposed volcanic rocks and follow up IP and ground EM survey and soil 
sampling in 1972 located actual subcrop of the massive sulfide copper-rich S lens (McArthur and 
Dronseika, 1990).  The first drill hole targeted on the S lens in 1974 returned relatively low grades, 
but the second drill hole QR2 intersected significant Cu-rich and Zn, Pb, Au-rich massive sulfide lens, 
marking the discovery of the Que River deposit.  For the following six years Aberfoyle focussed on the 
drilling and developing the Que River Mine with production commencing in December 1980.   
 
After the discovery of Que River Aberfoyle adopted IP and soil geochemistry as key 
exploration techniques and covered the entire exploration licence area with these methods.  The 
failure of IP and soil geochemistry to identify high priority targets in the Que-Hellyer area led 
Aberfoyle geologists to experiment in 1979-1982, with a number of geophysical methods including 
the University of Toronto Electromagnetic (UTEM) system.  The UTEM survey successfully detected 
the sphalerite-rich PQ lens, missed by earlier EM surveys, and the Mount Charter prospect (McArthur 
and Dronseika, 1990).  UTEM was then applied to the northern two-thirds of the outcropping 
volcanic rocks during 1982-1983 and one subtle conductor was detected on the northernmost survey 
line (Eadie and Silic, 1984).  The UTEM survey was extended north and outlined a deep, moderately 
conductive body that is coincident with anomalous lead values in soil samples, and minor barite 
veining and intense fuchsite-carbonate alteration in outcrops of basalt (McArthur, 1996). 
 
The first two drill holes at Hellyer had missed the orebody but the third drill hole HL003, 
designed to test the UTEM anomaly, intersected massive sulfides at 100 m below surface in 1983 
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(McArthur, 1996).  It contained an intercept of 23.1 m, grading 0.25% Cu, 4.5% Pb, 13.0% Zn, 162 g/t 
Ag, and 1.9 g/t Au and marking the discovery of the Hellyer deposit.  A 15 Mt deposit was largely 
defined by the end of 1984 and a 1.3 km horizontal adit was driven from the adjacent Southwell 
River gorge in 1985 to the orebody at 280 m below surface.   Ore production started in December 
1986 and the mine was in operation for fourteen years until its closure in June 2000.  Meanwhile, the 
operations at Que River mine ceased in 1991 and reopened by Bass Metals Ltd. in 2008. 
 
Drilling by Aberfoyle in the Fossey area, immediately south of Hellyer, has occurred 
sporadically during the exploration and mining stages of the Hellyer operation.  In 1982, an IP target 
75 m east of Fossey and 50 m south of Hellyer was tested by HL001.  The drill hole did not intersect 
any mineralisation and down hole EM survey failed to detect either Hellyer or Fossey (Denwer et al., 
2009).  In 1991, step out drilling from the southern end of the Hellyer deposit intersected massive 
barite with minor base metal sulfide to the west of the Hellyer orebody trend.   A thin 1 to 40 m thick 
flat-lying barite body with minor high grade base metal sulfide was broadly defined in 1996 and the 
area was named the Southern Barite Lens (Denwer et al., 2009).  No further drilling was undertaken 
until 2007 when Bass Metals Ltd. drill tested the Southern Barite Lens and intersected 57.5 m of 0.3% 
Cu, 4.7% Pb, 9.2% Zn, 94 g/t Ag, 2.9 g/t Au (Denwer et al., 2009).  Step out drilling to the north and 
south on 50 m spaced sections indicated a significant body of base metal sulfide that had been 
largely missed by historic drilling.  The Southern Barite Lens was renamed the Fossey deposit.   To 
help finance the exploration activities in the Que-Hellyer district, Bass Metals reopened the Que 
River mine and started mining the remnant ore in the PQ and QR 32 lenses via open pit.   
 
In 2009, Bass Metals finished a 25 m spaced infill drilling program at Fossey and published a 
resource of 800 kt at 0.4% Cu, 5.8% Pb, 9.9% Zn, 137 g/t Ag, and 2.5 g/t Au (Bass Metals, 2009).  
Development for the Fossey underground mine started in early 2010 with the construction for the 
Fossey decline and the refurbishment of the Hellyer mill.  The decline reached the orebody in 
December 2010 and ore production commenced in February 2011.  Meanwhile, continuous 
exploration activities have led to the discoveries of the Fossey East deposit (October 2010) and the 
McKay prospect (July 2011) in the immediate Fossey vicinity.  The Fossey East deposit has a resource 
of 155 kt grading 0.5% Cu, 5.8% Pb, 11.6% Zn, 93 g/t Ag, and 2.5 g/t Au (Bass Metals, 2012).  
However, due to a combination of operational problems, increased mining costs, and 
underperforming ore grades and metal prices, the mining operations at Fossey ceased and the mine 
was put on care and maintenance in June 2012.   
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Exploration in the Mount Charter area started during the early 1970’s and Aberfoyle located 
outcrops of barite at surface and noted previous workings in the area, such as pits, trenches, and a 
small adit dating from the 1930’s (Young, 1977).  The barite outcrop was associated with pyrite-
sericite-silica altered volcanic rocks, a strong lead soil geochemical anomaly and a semi-coincident IP 
anomaly.  Minor drilling during 1976-1978 intersected disseminations and veins of pyrite with barite 
and only minor base metal sulfides (Young, 1977).  Drilling by Aberfoyle in 1984 did not intersect 
massive sulfide mineralisation and down hole EM did not detect any anomalies 100 m around the 
drill holes.  Consequently exploration activities ceased around the prospect (Hespe and Sise, 1984).  
In preparation of an honours research project at Mount Charter by Rand (1988), Aberfoyle geologists 
recognised the potential of Mount Charter as a low grade, large tonnage gold system.  Previously 
drilled holes were re-assayed for gold content and additional drilling resulted in a preliminary 
inferred mineral resource in 1992 (Wallace, 1992).    
 
In 2005, Bass Metals returned to Mount Charter with a soil sampling program and followed 
up with drilling through to 2006.  An updated resource estimate was completed in 2006 by 
incorporating all the new and existing drill data for the area but no further development plans were 
made. 
 
 
1.3  Previous Studies of Que-Hellyer District 
 
The Que-Hellyer district has been the subject of many research studies since the discovery of 
the Que River deposit.  Corbett and Komyshan (1989) provided the first detailed account the district 
geology and the volcanology and stratigraphy of the Que-Hellyer Volcanics are documented 
extensively by Waters and Wallace, (1992), Waters (1995), and McPhie and Allen (1992).  Dating of 
the Que-Hellyer Volcanics by U-Pb in zircons was previously carried out by Perkins and Walshe (1993) 
and Black et al. (1997), but new high precision CA-IDTIMS (chemical abrasion isotope dilution thermal 
ionisation mass spectrometry) U-Pb zircon dates are now available (Mortensen et al., in press).  
Strontium isotopes of the MRV deposits, including Hellyer, Que River and Mount Charter, were 
conducted by Whitford et al. (1992). 
 
Early company reports and academic papers describing the geology of the Que River deposit 
include Young (1977), Webster and Skey (1979), and Wallace (1982).  A collaborative research by 
Aberfoyle and CSIRO focussed on the geochemical affinities of the host rocks (Offler et al., 1987; 
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Offler and Whitford, 1992; Whitford et al., 1988; Whitford et al., 1989).  Large et al. (1988) studied 
the alteration and metal distribution of the PQ and P North lenses.  They also proposed a syncline 
model to the deposit, contrary to the west-facing model proposed by Cox (1981) and Whitford and 
Craven (1983).  An updated geological description of the Que River deposit is provided by McArthur 
and Dronseika (1990).  The gold-rich stringer mineralisation is documented in McGoldrick and Large 
(1992).  Unpublished honours theses that studied the Que River deposit include the geology of the 
Que River area by Bold (1977), electrical properties of sulfides by Mathers (1985), and S lens 
mineralisation by Gardner (1986). 
 
Early papers that describe the discovery and geology of the Hellyer deposit include Eadie and 
Silic (1984), Silic et al. (1986), and McArthur (1986).  Further studies that focussed on specific aspects 
of the Hellyer deposit include host rock alteration by Jack (1989), stringer zone mineralisation by 
Gemmell (1988, 1989, 1990) and Gemmell and Large (1992), strain partitioning by Drown and Downs 
(1990), and hanging wall alteration by Fulton (1999).  McArthur and Dronseika (1990) described the 
metal zonation within the massive sulfide deposit and supported a mound refining genesis for 
Hellyer similar to that described by Eldridge et al. (1983) for the Kuroko massive sulfide deposit.   
 
 McArthur (1996) documented the complex micro- and macro-textures of the massive 
sulfides and conducted spatial and statistical analyses of the observed textures.  Sharpe (1991) 
explored the spatial relationships and textural features of the Hellyer siliceous and baritic caps and 
Bradley (1997) studied the chlorite carbonate alteration in the footwall.  Downs (1993) reconstructed 
the seafloor topography at the time of mineralisation by unfolding the Devonian deformation.  A 
compilation of the studies completed on the Hellyer deposit and the hydrothermal system is 
provided by Gemmell and Fulton (2001) as they propose an alteration model for Hellyer that 
accounts for most available data.  Recently finished honours theses investigated the textures and 
geochemistry of the Hellyer basalt (Tomes, 2011) and the internal stratigraphy of the mixed 
sequence and the provenance of its massive sulfide clasts (Miedecke, 2011).   
 
Sulfur isotope studies at Hellyer have been conducted by Jack (1989) and Gemmell and Large 
(1992) and covers all units from the hanging wall to the barite cap, massive sulfide body, stringer 
zone and stringer envelop zone.  Whole-rock oxygen isotope data for the Hellyer hanging wall, 
footwall, and distal footwall are available from Green and Taheri (1992) and Gemmell and Fulton 
(2001).  Lead isotopes were studied by Gemmell and Carr (1997) to establish the Que River and 
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Hellyer target signatures, which are distinguishable from other Cambrian and Devonian deposits.   
New high resolution lead isotope data is available from Huston et al. (2012).   
 
A spectral study by Yang et al. (1997) investigated the mineral compositions of white mica 
and chlorite, comparing variations in spectral data with whole-rock analyses.   Microprobe studies of 
K-feldspar were also conducted to understand the decoupling of the white mica abundance 
measured by spectroscopy and whole-rock K2O contents in some areas.  Parts of the data are 
published in Yang et al. (2004) and Yang et al. (2011).   
 
The Fossey and Mount Charter deposits are significantly less researched than the Hellyer and 
Que River deposits.  The alteration and mineralisation of the Mount Charter deposit have been 
studied by Rand (1988) in an honours thesis, with sulfur isotope and fluid inclusion studies.  The 
mineralisation has been known since the 1970’s and so the local geology can often be found in Que-
Hellyer Volcanics papers such as Corbett and Komyshan (1989) and Waters and Wallace (1992).   
Isotope studies that involve the Hellyer and Que River deposits often included Mount Charter 
samples as well.  Limited sulfur isotope work at Mount Charter has been completed by Solomon et al. 
(1988), lead isotopes by Gemmell and Carr (1997) and strontium isotopes by Whitford et al. (1992) .   
 
The most comprehensive description of the Fossey deposit to date comes from an 
unpublished paper written by Denwer et al. (2009), which is partially published as Denwer et al. 
(2014).   A Master’s thesis focused entirely on the Fossey deposit is underway by Bass Metals 
geologist Steve Richardson. 
 
 
1.4 Project Aims  
 
The main objectives of the present study is to improve the understanding of the Fossey and 
Mount Charter systems and therefore improve the overall understanding of the hydrothermal 
alteration system in the Que-Hellyer district using new and existing data for the larger Hellyer and 
Que River deposits.   More specifically, I aim to: 
 
1) Characterise the alteration mineralogy, assemblages and textures at Mount Charter by: 
i) Drill core examination of the host lithologies and footwall alteration zones 
ii) Petrographic examination of the alteration textures and mineral assemblages 
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iii) Examination of the vein and breccia mineralisation  
 
2) Characterise the footwall alteration mineralogy, assemblages and textures at Fossey and Fossey 
East by: 
i) Drill core examination of the lithologies below mineralised and un-mineralised zones 
ii) Petrographic examination of the alteration textures and mineral assemblages 
iii) Description of the barite and massive sulfide mineralisation 
iv) Identification of chemical variations using mass balance calculations  
 
3) Determine the alteration vectors and whole-rock geochemical signatures of the VHMS deposits 
by: 
i) Classification of the major lithology groups in the Que-Hellyer district using immobile 
element geochemistry 
ii) Determination of alteration assemblages using whole-rock geochemistry and the spatial 
distribution of the alteration zones 
iii) Determination of the primary host rock and alteration mineralogy effects on whole-rock 
geochemistry. 
iv) Identification of useful trace elements that show systematic variations with proximity to 
mineralisation 
v) Determination of the variations in white mica and chlorite composition using short 
wavelength infrared (SWIR) spectrometry 
 
4) Improve the understanding of pathfinder elements that are useful in the Que-Hellyer district by: 
i) Comparing the distribution of trace elements in different alteration groups and 
identifying the alteration minerals that are important hosts to pathfinder elements  
ii) Determining the mineral chemistry of white mica, chlorite and K-feldspar and their 
variations in composition with proximity to mineralisation 
 
 
1.5 Methodology  
 
The methods employed to achieve the stated aims are: 
 Drill hole logging using the graphic logging technique, recording useful textural and mineral 
assemblage information that is not always documented in routine diamond drill core logging. 
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 Cross section interpretation on mine grid 10200 N for Fossey, 10125 N for Fossey East, and 
4690 N for Mount Charter 
 Microscope identification of alteration minerals and textural relationships 
 Additional whole-rock geochemical analyses for select Fossey, Fossey East, and Mount 
Charter drill holes 
 Additional SWIR data collected for select Fossey and Fossey East drill holes 
 Compilation of a regional whole-rock geochemical database using data from the 2009 Bass 
Metals lithogeochemical sampling program, research samples sourced from CSIRO, Mineral 
Resources Tasmania and the University of Tasmania (collected between 1970 and 2011), and 
the core grind and  half drill core samples analysed by Aberfoyle Resources in 1980-1997. 
 Interpretation of whole-rock geochemical data  
 Microprobe analyses of white mica and chlorite from Fossey, Fossey East, Mount Charter, 
and regional/background samples  
 LA-ICPMS analyses of white mica, chlorite, and K-feldspar from Fossey, Fossey East, Mount 
Charter, and regional/background samples 
 
 
1.6  Structure of Thesis 
 
 The first chapter of this thesis is aimed at introducing the Hellyer, Fossey, Que River and 
Mount Charter deposits.  The mining and exploration history and brief summary of previous research 
studies are included to set the scene for the purpose and approach of this study. 
 
 The second chapter offers a description of the regional geology of the Mount Read Volcanics 
while the third chapter focusses on the local geology of the Que-Hellyer Volcanics and the deposit 
scale geology.  The third chapter also provides a summary of previous studies conducted on the 
Hellyer, Que River and Mount Charter deposits.  These two chapters are compilations of published 
and unpublished data from previous research studies and company reports. 
 
 The fourth chapter presents new data and interpretations on the geology, mineralisation and 
alteration of the Mount Charter, Fossey, and Fossey East deposits.  The Fossey East deposit is an 
extension of the Fossey deposit that occurs in the stratigraphic footwall of the Fossey deposit.  The 
compiled whole-rock geochemical database for the Que-Hellyer district is presented in Chapter 5.  
The use of whole-rock geochemical data from Bass Metals plus new data acquired in this thesis for 
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lithogeochemical classification, alteration mineral group classification and pathfinder elements are 
discussed in this chapter.  Regional SWIR data from Bass Metals are presented in Chapter 6 with new 
minerals chemistry data of white mica, chlorite and K-feldspar to discuss their compositional 
variations with proximity to mineralisation.   
 
Chapter 7 combines the information presented in the previous chapters to discuss the 
geological evolution of the hydrothermal system and the host rock and hydrothermal fluid controls 
on the mineralisation of the VHMS deposits in the Que-Hellyer district.  Chapter 8 presents the 
conclusions of this thesis and highlights the potential exploration vectors within the footwall. 
 
 
1.7 Common Terminology  
 
Volcanic-hosted massive sulfide (VHMS) deposits are commonly referred to as volcanogenic 
massive sulfide (VMS) deposits (Galley et al., 2007).  The term “volcanogenic” implies that deposits 
are genetically related to volcanism and do not differentiate whether the deposits are hosted in 
successions of volcanic or sedimentary strata (Franklin et al., 2005).  In the Mount Read Volcanics and 
other parts of Australia, the term “volcanic-hosted” is used to describe these stratabound 
accumulations of massive sulfide minerals that formed at or near the seafloor (Large et al, 2001c).   
The term does not impose any genetic implications on the formation of the deposits but rather 
specify that these deposits are hosted in volcanic successions.  For the purpose of this study, these 
terms are used interchangeably when VHMS deposits are compared with VMS deposits outside 
Australia.   
 
Sericite is a collective term for fine-grained white mica found in potassic altered rocks.  In 
general, sericite commonly refers to fine-grained dioctahedral white micas (muscovite, phengite, 
celadonite, paragonite), but may also include, illite, montmorillonite, and pyrophyllite.  In mineral 
chemistry and spectroscopy studies, the term white mica is more commonly used to include 
muscovite group minerals and illite (Pontual et al., 1997).  This thesis uses the terms sericite, white 
mica, and muscovite to describe the secondary K-rich mica formed in rocks as a result of 
hydrothermal alteration. 
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Chapter 2 – Regional Geology of the Mount Read Volcanics 
 
2.0 Introduction 
 
The Hellyer, Fossey, Que River, and Mount Charter deposits are hosted by the Que-Hellyer 
Volcanics of the Mount Read Volcanics (Corbett and Komyshan, 1989).  The Cambrian Mount Read 
Volcanics (MRV) were initially recognised by Campana and King (1963) and the units are described in 
detail by Corbett (1981, 1992, 2002), McPhie and Allen (1992), White and McPhie (1996), Waters and 
Wallace (1992), and Crawford et al. (1992).   
 
The MRV belt is approximately 200 km long and 10-15 km wide, dominated by calc-alkaline 
volcanics and volcaniclastic rocks (Figure 2.1) (Corbett, 1992).  The belt strikes north from Elliott Bay 
on the southwest coast, through Queenstown and Rosebery and arcing northeast through Que River 
and Hellyer, passing beneath younger cover sequences to strike east-west in the Sheffield region.  It 
lies along the western and northern margin of the Proterozoic basement block referred to as the 
Tyennan region.  In the west, the MRV are faulted against and interfingers with Cambrian volcano-
sedimentary and sedimentary sequences of the Dundas Trough.  
 
The MRV have undergone diagenetic and hydrothermal alteration, regional greenschist 
metamorphism, and at least two phases of deformation involving faulting and folding (Corbett, 1992; 
Corbett and Lees, 1987; Gifkins and Allen, 2001).  The MRV are cut by major faults of varying age, and 
one such fault, the Henty Fault zone, constitutes a metallogenic boundary within the MRV.  The 
polymetallic Zn-Pb-Au-Ag-Cu massive sulfide deposits dominate north and west of the fault, and the 
Cu-Au and Au deposits dominate to the southeast.   
 
This chapter provides an overview of the geological setting of western Tasmania and focuses 
on the lithostratigraphy, geochemistry, and tectonic history of the MRV.  It will also discuss the 
regional deformation and metamorphic events that affected the volcanic belt as these have 
overprinted the Cambrian deposits and their associated alteration. 
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Figure 2.1: Simplified map of early Palaeozoic geologic elements of Tasmania (from Corbett 
and Turner, 1989).  Most of the Ordovician and Siluro-Devonian cover rocks are not shown. 
 
 
 
2.1 The Geologic Framework of Western Tasmania 
 
The oldest rocks in Tasmania are the Mesoproterozoic metasedimentary rocks on the 
western part of King Island, with a metamorphic age at 1290 Ma (Berry et al., 2005).  On mainland 
Tasmania, the oldest rocks are found in the south and western part of the state in the Rocky Cape 
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and Tyennan Regions.  These are quartzites and phyllites that were deposited between 770 Ma and 
1200 Ma (Black et al., 1997) and are faulted against an early Neoproterozoic sedimentary package of 
continent-derived turbidite, the Oonah and Burnie Formations, that is interbedded with minor pillow 
basalt and intruded by dykes and syn-sedimentary sills, such as the Cooee Dolerite (Brown, 1986).  
The Mesoproterozoic metasedimentary rocks on the western King Island are intruded by syn-
deformational granitoids related to the Wickham Orogeny during the Middle Neoproterozoic (Cox, 
1973; Turner et al., 1998).  On mainland Tasmania, a low angle unconformity observed between the 
lower Neoproterozoic siliciclastic sequences and the upper Neoproterozoic Togari Group is a likely 
structural equivalent of the Wickham Orogeny away from King Island (Turner et al., 1998). 
 
The Late Neoproterozoic is dominated by continued crustal attenuation and eventual rifting 
of the Proterozoic continental crust, forming a thinned passive continental margin transected by 
small rift basins (Crawford and Berry, 1992).  The Success Creek Group, predominantly conglomerate 
and sandstone formations at the base with more abundant calcareous units, siltstones, and 
mudstones towards the top, was deposited into the rift basins (Brown, 1989).  The Success Creek 
Group is conformably overlain by the rift-related tholeiitic basalt flows and associated volcaniclastic 
sandstones, siltstones and mudstones of the Crimson Creek Formation (Brown, 1989).  Both Success 
Creek Group and Crimson Creek Formation are Togari Group correlates in the Dundas Trough and 
they ‘tie’ the Rocky Cape and Tyennan basement blocks together (Brown, 1989; Crawford and Berry, 
1992).   
 
During the Early to Middle Cambrian, the Tyennan Orogeny in Tasmania was initiated by an 
arc-continent collision, resulting in a westward obduction of allochthonous mafic-ultramafic 
complexes onto a thin passive margin (Berry and Crawford, 1988; Crawford and Berry, 1992; Turner 
et al., 1998).  The mafic-ultramafic complexes are fault-bounded slices of oceanic crust that were 
emplaced along major thrusts into and onto the Crimson Creek Formation (Berry and Crawford, 
1988; Crawford and Berry, 1992; Turner et al., 1998).  The boninite and low-Ti tholeiite lavas 
associated with the cumulates of the ultramafic complexes are geochemically similar to lavas from 
some modern forearcs (Crawford and Berry, 1992).  In a possible second stage of the obduction 
process, fault-bounded blocks of high-grade (amphibolite to eclogite facies) metamorphic rocks were 
emplaced or juxtaposed against relatively un-metamorphosed basement rocks (Rocky Cape and 
Tyennan blocks).  The metamorphic complexes are likely derived from the thinnest parts of the 
passive margin that were deeply buried or partially subducted during the collision event, and 
subsequently obducted or emplaced at a higher crustal level (Meffre et al., 2000).  A peak 
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metamorphic age of ca 510 Ma for the metamorphic complexes closely approximates the age of arc-
continent collision and also the emplacement of the mafic-ultramafic complexes (Berry et al., 2007). 
 
The Middle to Late Cambrian post-collisional phase of the Tyennan Orogeny was an 
extensional event that produced rapid subsidence, active synorogenic deposition and major post-
collisional felsic dominated volcanism of the MRV (Stacey and Berry, 2004).  Crustal relaxation and 
extension led to the formation of half grabens and the MRV magmatism was localized to grabens 
along the eastern side of the Dundas trough (Crawford and Berry, 1992).  The earlier units of the 
MRV are largely felsic but continued extension produced increasingly mafic magmatism with high K 
and shoshonitic compositions (Crawford et al., 1992).  East–west extension is recorded in the 
hydrothermal vein geometry and the Henty dyke swarm and the extensional phase was closely 
followed by a N–S compressional event that produced E-W trending folds to the east of the MRV 
(Stacey and Berry, 2004).  In the last stage of the Tyennan Orogeny, extensional faults (e.g., Henty 
Fault) were inverted and major reverse faults and north-trending folds were formed (Stacey and 
Berry, 2004).  Exhumation of the underthrust continental crust and rapid erosion of the uplifted 
crystalline basement led to deposition of coarse proximal siliciclastic molasse of the Owen 
Conglomerate and correlates.   
 
Tectonic quiescence during the Ordovician and Silurian began with the deposition of 
regionally transgressive shelf type carbonates (Gordon Group), followed by a Silurian to Early 
Devonian shallow marine siliciclastic sequence (Eldon Group)(Crawford et al., 1992) 
 
The deformation event during the Middle Devonian Tabberabberan Orogeny reactivated 
Cambrian faults and tightened folds and produced the dominant structural features in the Dundas 
Trough (Williams et al., 1989).  During the Late Devonian to Early Carboniferous, the MRV were 
intruded by shallow I- and S- type granites (Black et al., 2010; Corbett, 1992; Williams et al., 1989). 
 
 
2.2 Lithostratigraphy of the Mount Read Volcanics 
 
The MRV are divided into five major lithological associations: the Sticht Range beds, the 
Eastern Quartz-Phyric Sequence, the Central Volcanic Complex (CVC), the Western Volcano-
sedimentary Sequences (including the Dundas Group, White Spur Formation, Mount Charter Group, 
and Yolande River Sequence), the Tyndall Group (see Figure 1.1 in Chapter 1)(Corbett, 1992).  Minor 
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andesitic-basaltic volcanics and associated intrusions, tholeiitic basaltic rocks, and granites and 
associated porphyries are also present within the MRV (Corbett, 1992). The volcanic belt is 
asymmetrical in most areas, where the eastern central part consists predominantly of volcanic and 
intrusive rocks and the western mostly of volcano-sedimentary sequences (Corbett, 1992).  The 
sequences are displaced along the major north-northeast trending Henty Fault (Berry, 1989) and the 
lithostratigraphy of the MRV varies north and south of the fault zone (Figure 2.2).   
 
 
Figure 2.2: Distribution of major lithostratigraphic units in the Mount Read Volcanics to the 
north and west, and south and east of the Henty Fault (modified after Mortensen et al., in 
press).  MUC = Mafic-Ultramafic Complexes; CVC = Central Volcanic Complex; HFW = Henty 
Fault Wedge.  The numbered units are the Darwin (1) and Murchison (2) granites and the 
Bonds Range Porphyry (3). 
 
 
 
2.2.1 Sticht Range Beds 
 
The Sticht Range beds are found along the eastern side of the MRV and are a succession of 
siliciclastic conglomerate and sandstone with minor siltstone and volcaniclastic rocks (Baillie, 1989; 
McNeill and Corbett, 1992).  Clasts are derived in part from metasedimentary basement rocks and 
also partially-contemporaneous felsic volcanic rocks of the Dundas Group (Baillie, 1989).  The 
sequence lies above the Upper Proterozoic Tyennan region with angular unconformity and below 
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rocks of the Tyndall Group with apparent conformity.  The grossly fining-upward succession appears 
to record a major transgression, from fluvial passing into shallow-marine and deeper-water 
environments (Baillie, 1989). 
 
 
2.2.2 Eastern Quartz-Phyric Sequence 
 
The Eastern Quartz-Phyric Sequence is a complex succession of quartz-feldspar porphyritic 
felsic volcanic rocks, syn-volcanic intrusions, and volcaniclastic rocks restricted to the eastern side of 
the MRV (Pemberton et al., 1991; Corbett, 1992).  The succession overlies the Sticht Range beds to 
the east and to the north of Mount Murchison and interfingers with the CVC (Figure 2.3; Corbett, 
1992; McNeill and Corbett, 1992).  At the western end of the Murchison Gorge-Mount Murchison 
section, the volcanic rocks are conformably overlain by the west dipping Farrell Slates, a sequence of 
slate and volcaniclastic sandstone generally considered to be younger than the volcanic rocks 
(McNeill and Corbett, 1992).  The Eastern Quartz-Phyric Sequence contains several units of bedded 
sandstone, siltstone and shard-rich mudstone, with basement derived detritus (McNeill and Corbett, 
1992).   
 
 
2.2.3 Central Volcanic Complex 
 
The CVC are predominantly feldspar-phyric volcanic rocks with abundant dacitic-rhyolitic 
lavas, syn-volcanic intrusions, and pumiceous volcaniclastic rocks (Corbett, 1992).  The belt 
dominates the central part of the MRV from Mount Darwin to the Pinnacles but the stratigraphy 
differs north and south of the Henty Fault.  Lavas and syn-volcanic intrusions are massive, flow-
banded and autobrecciated.  The presence of  hyaloclastites and subaqueous pumiceous mass flows 
indicates a submarine depositional environment (Allen and Cas, 1990). 
 
South of the Henty Fault, the CVC includes rhyolitic to dacitic lavas, syn-volcanic intrusions, 
and minor pumiceous units (Corbett, 1992; Pemberton and Corbett, 1992).  It extends from Mount 
Darwin to Mount Murchison and is flanked to the west by the Yolande River Sequence of the 
Western Volcano-sedimentary Sequences.  To the east, it interfingers with the Eastern Quartz-Phyric 
Sequence and is overlain by the Tyndall Group, or locally by the Anthony Road andesite near the 
Tyndall Range (Corbett, 1992).  The southern CVC is intruded by the Cambrian Darwin Granite at 
Mount Darwin (Corbett and Lees, 1987) and the upper part of the sequence hosts some of the 
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disseminated and massive Cu-rich orebodies at Mount Lyell (Corbett, 1992).  The high grade gold 
mineralisation at Henty transects the contact between the CVC and the overlying Tyndall Group 
(Halley and Roberts, 1997). 
 
North of the Henty Fault, the CVC is dominated by feldspar-phyric rhyolitic and dacitic lavas, 
syn-volcanic intrusions, and syn-eruptive pumiceous units with minor andesite and basalt.  The 
northern CVC lacks granitic intrusions but contains quartz-feldspar-phyric intrusions and dolerite 
dykes of the Henty Dyke Swarm.  The east-facing volcaniclastic-rich sequence near the western 
margin of the complex hosts the Rosebery and Hercules massive sulfide deposits.   
 
The stratigraphy in the northern CVC has been revised by Gifkins (2001) with subdivisions 
into the Sterling Valley Volcanics, Mount Black Formation, Kershaw Pumice Formation, and the 
Hercules pumice Formations.  The informal “hanging wall volcaniclastics”, previously attributed to 
the northern CVC, are now correlated with the White Spur Formation of the Western Volcano-
sedimentary Sequences (Figure 2.2). 
 
1) The Sterling Valley Volcanics comprises dacitic to basaltic lavas, sills, dykes and 
volcaniclastic facies (Gifkins, 2001).  The volcaniclastic facies are interpreted to be 
resedimented syn-eruptive deposits of hyaloclastite, autobreccia, pillow fragments and 
scoria.  They have a gradational upper contact with the dacitic and rhyolitic units of the 
Mount Black Formation, to the west and are truncated by the Henty Fault to the west 
(Gifkins, 2001).  The Sterling Valley Volcanics are interpreted to represent the products of 
a submarine tholeiitic volcanic centre that formed during a period of extension and back-
arc basin development (Gifkins, 2001). 
 
2) The Mount Black Formation occurs as a north trending belt between Mount Read and 
Mount Block.  It is dominated by massive, flow-banded and brecciated rhyolitic and dacitic 
lavas and syn-volcanic sills and syn-eruptive resedimented autoclastic facies (Gifkins, 
2001).  The rhyolitic and dacitic facies in the succession are considered to represent the 
proximal facies of a dacitic to rhyolitic, dominantly effusive and intrusive volcanic complex 
(Gifkins, 2001).  The Mount Black Formation is conformably overlain by extensive pumice 
breccia and pumice-lithic clastic rich breccia units of the Kershaw Pumice Formation.  
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3) The Kershaw and Hercules Pumice Formations are laterally equivalent, dominated by 
regionally extensive pumice-rich and pumice-lithic clast-rich facies associations and 
rhyolitic and dacitic sills (Gifkins, 2001).  The pumice breccias, lavas and sills of the 
formations are compositionally similar to the rhyolites and dacites of the Mount Black 
Formation and are considered to be the explosive and effusive products originated from a 
single felsic volcanic centre (Gifkins, 2001).  
 
 
2.2.4 Western Volcano-Sedimentary Sequences  
 
The Western Volcano-sedimentary Sequences are an extensive marine volcano-sedimentary 
succession that occurs along the western and northern flanks of the CVC from Mount Darwin to the 
Cradle Mountain Link Road, just north of the Hellyer Mine.  The sequences contain rare marine fossils 
locally and comprise interbedded volcaniclastic mass flow deposits, turbiditic sandstones, shard-rich 
volcaniclastic mudstones, micaceous siltstones, and black graphitic shales (Corbett, 1992).   Andesitic 
lavas and breccias, minor felsic lavas and large intrusive porphyry bodies are present within the 
sequences.  The Western Volcano-sedimentary Sequences interfinger and overlie the CVC in different 
parts of the Mount Read Volcanic belt and overlie the Neoproterozoic sediments in the west 
(Corbett, 1981).   
 
The Western Volcano-sedimentary Sequences are subdivided into the Yolande River 
Sequence, the Dundas Group, Mount Charter Group and the Henty Fault Wedge sequence (Corbett, 
1992).  Reclassification of the volcano-sedimentary sequences of the Dundas Trough by Berry et al. 
(1997) into pre-Tyndall Group and Tyndall Group unit has reassigned stratigraphically higher parts of 
the previously defined Western Volcano-sedimentary Sequences (Corbett, 1992) to the younger 
Tyndall Group and correlates (Figure 3).  North of the Henty Fault, the Western Volcano-sedimentary 
Sequences include the lower parts of the Dundas and Mount Charter Groups (now recognised as 
correlates of the White Spur Formation); south of the Henty Fault, the sequences are represented by 
the Yolande River Sequence (Figure 2.2). 
 
1) The Yolande River sequence comprises volcaniclastic and non-volcanic sedimentary facies 
with minor rhyolitic intrusions (Corbett, 1992).  It predominantly dips and faces west and 
interfingers with the CVC except where it is folded about the Miners Ridge anticline such 
that the easternmost part dips west and is partially overlain by the CVC (Corbett, 1992).  
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Large sill-like bodies of quartz-feldspar±biotite porphyry and the Anthony Road andesite 
intrude the sequence (Corbett, 1992; Jones, 1999). 
 
2) The Dundas Group refers to the sedimentary sequence that flanks and overlie the CVC.  It 
is mostly made up of greywacke, polymictic conglomerate, and mudstone.  The sequence 
outcrops from south of Mount Dundas to the Rosebery-Pinnacles area and includes the 
White Spur Formation.  The White Spur Formation is a thick, west younging unit of 
feldspar-quartz-phyric, crystal-rich and pumice-rich volcaniclastic mass-flow deposits 
interbedded with lithic sandstone, siltstone, and shale  (Corbett, 1992; Gifkins, 2001; Jago, 
2005).  This unit marks the base of the Dundas Group and is considered an important 
horizon for exploration for VHMS ore deposits similar to the Rosebery and Hercules ore 
deposits (Martin, 2004; Jago, 2005). 
 
3) The Mount Charter Group refers to the volcano-sedimentary sequence that includes the 
andesite-basalt sequence which hosts the Hellyer-Que River orebodies (Figure 2.3; 
Corbett and Komyshan, 1989).  The Mount Charter Group overlies the CVC and underlies 
the Owen Conglomerate.  In the Hellyer-Que River area, the succession is divided into the 
Black Harry Beds, Animal Creek Greywacke, Que-Hellyer Volcanics, Que River Shale, and 
the Southwell Subgroup (Figure 2.3).  The Farrell Slates are considered to be the 
southwestern correlates of the Mount Charter Group (McNeill and Corbett, 1989; Corbett, 
1992). 
 
A) The Black Harry Beds are a sequence of interbedded marine volcanic mudstone, 
sandstone, mass flows and shale located at the base of the Mount Charter Group 
(Corbett, 1992).  Volcaniclastic units within the sequence are generally quartz-
feldspar-phyric and the sandstones have both volcanic and metamorphic 
provenances.  The Black Harry Beds overlie, and are locally faulted against, the CVC 
(Corbett, 1992).   
 
B) The Animal Creek Greywacke conformably overlies the Black Harry Beds and 
comprises well bedded micaceous greywacke with minor interbedded siltstones 
and shales (Pemberton et al., 1991).  The greywacke consists primarily of basement 
derived polycrystalline quartz, schistose lithics, and muscovite but also include 
chromite grains possibly scoured from the mafic-ultramafic complexes (Crawford et 
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al., 1992).  In general, the sequence interfingers with the basal volcanic and 
volcaniclastic rocks of the Que-Hellyer Volcanics, but other texturally similar 
greywackes occur throughout the Mount Charter Group and are considered to be 
periodical influxes of non-volcanic detritus derived from the Proterozoic basement 
(Pemberton et al., 1991). 
 
 
Figure 2.3: Stratigraphy column for the Mount Charter Group in the Hellyer-Que River 
area (modified after Corbett, 1992). 
 
 
C) The Que-Hellyer Volcanics are a marine sequence of andesitic to basaltic lavas, 
shallow intrusions, breccias, and volcaniclastic rocks with minor felsic and rare 
sedimentary units (Corbett and Komyshan, 1989; Waters, 1995).  It lies above the 
Animal Creek Greywacke and has an interfingering/intrusive relationship with the 
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overlying Que River Shale.  The sequence is further divided into lower basalt (lower 
tuff and lava of Corbett and Komyshan, 1989 and Corbett, 1992), lower andesites 
and basalts, mixed sequence, and Hellyer basalt (Figure 2.3; Corbett and Komyshan, 
1989; Waters and Wallace, 1992).   
 
The lower basalt, or lower tuff and lava in Figure 2.3, is dominated by pillowed to 
massive basaltic flows and hyaloclastites that interfingers with the underlying 
Animal Creek Greywacke (Corbett and Komyshan, 1989).  The lower andesites and 
basalts conformably overlie the lower basalt and are a thick sequence of andesitic 
breccias, lavas with minor basalts.  The andesites and basalts are conformably 
overlain by and locally interfingered with a mixed sequence of mafic to felsic 
volcanic rocks, shallow intrusions, polymict breccias, volcaniclastic rocks and 
mudstones that hosts the Hellyer, Fossey, Que River, and Mount Charter deposits.  
The Hellyer basalt overlies the mixed sequence as a succession of pillowed to 
massive basaltic and minor andesitic lavas, volcanic breccias, and intercalated 
mudstones at the very top of the package.  The  volcanology and sedimentology of 
these subdivisions are further discussed by Waters (1995) and are summarised in 
detail in the next chapter.   
 
An extension of the Que-Hellyer Volcanics is present 10 kilometres northeast of the 
Hellyer Mine under Tertiary basalt cover (Pemberton et al., 1991) and southern 
extensions exist south of the Mount Charter Fault in the Sock Creek to Burns Peak 
and Pinnacles area (Hollway Andesite).  Correlates in the Sock Creek area were 
recognised by Corbett and Komyshan (1989) and intercepted in drilling by the BHP 
Company (Wilde and Kerr, 1989).  However, the Sock Creek basalts have some 
different geochemical signatures and the basalts are likely transitional to the Que-
Hellyer Volcanics rather than a direct correlate (Crawford et al., 1992).  Reid (1990) 
and McNeill (2002) identified Animal Creek, Que-Hellyer Volcanics, and Southwell 
Subgroup correlates in the Burns Peak area.  The Burns Peak Subgroup incorporates 
the stratigraphic interval from the top of the Animal Creek Greywacke to the base 
of the Que River Shale (Corbett, 2005).  Coutts (1990) and McIntyre (2006) studied 
the geological and geochemical features of the Hollway Andesite and suggested 
that the andesite may be a lateral equivalent to the Que-Hellyer Volcanics.  
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D) Directly overlying and interfingering with the Que-Hellyer Volcanics is the Que Rive 
Shale, a distinctive section of black, carbonaceous, pyritic shale and siltstone (Gee 
at al., 1970; Corbett and Komyshan, 1989; Sinclair, 1994).  At the contact between 
the Que-Hellyer Volcanics and the Que River shale, the pillow lava facies of the 
Hellyer basalt have silt- to mud-sized fluidal, “baked” interpillow sediments, or 
peperites (Waters and Wallace, 1992; Tomes, 2011).  This indicates that the 
extrusion of basalts was partly into wet and unconsolidated sediments and the 
emplacement commenced after the initial deposition of Que River Shale sediments 
commenced prior to the emplacement of the basalts (Waters and Wallace, 1992).  
The black anoxic Que River Shale and its deep water faunal assemblage also 
supports a deep submarine environment for the Que-Hellyer Volcanics (Waters and 
Wallace, 1992).  The Que-Hellyer Volcanics around the Hellyer, Fossey, Que River 
and Mount Charter deposits are discussed in greater detail in Chapter 3. 
 
E) The Southwell Subgroup overlies the Que River Shale and comprises quartz-
feldspar-phyric pumiceous mass flow breccia and sandstone interbedded with 
greywacke sandstone, siltstone, shale, and minor felsic lava (Corbett and 
Komyshan, 1989).  It represents the return of active volcanism in the northern MRV 
after the basaltic and andesitic lava-dominated Que-Hellyer Volcanics and paucity 
in volcanic activity during the deposition of the Que River Shale (Bold, 2009).  The 
laterally extensive, felsic volcanic rocks of the Southwell Subgroup marks a major 
change in composition of the source detritus for the volcaniclastic rocks from the 
lower mafic to intermediate units of the Mount Charter Group.  At the Hellyer mine 
site, the Southwell Subgroup has been termed the upper rhyolitic sequence by 
mine geologists (McArthur, 1996).  The Mount Cripps Subgroup overlies the 
Southwell Subgroup and is considered to be a correlate of the Tyndall Group (White 
and McPhie, 1996). 
 
F)  The Farrell Slates belt occurs along the Henty Fault zone between Tullah and 
Mount Charter (McNeill and Corbett, 1989).  It comprises black slate, volcaniclastic 
sandstone and mass-flow breccia, and micaceous siliciclastic sandstone.  Correlates 
of the Black Harry Beds, Animal Creek Greywacke, Que River Shale and Southwell 
Subgroup occur within the Farrell Slates and the slate belt is considered to be the 
southern extension of the Mount Charter Group (McNeil and Corbett, 1989; 
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Corbett, 1992, 2002).  Correlates of the Que-Hellyer basalts and andesites have not 
been identified but very minor occurrences of andesites are documented by 
McNeill and Corbett (1989). 
 
4) The Henty Fault Wedge sequence refers to a folded and fault disrupted package of 
sedimentary, volcanic and intrusive rocks bounded by the North and South Henty Faults 
(Corbett, 1992).  The Henty Fault wedge is divided by a series of N-S faults.  Lithologies 
vary across the sequence from east to west but all strike north-south and dip and young 
to the west (Poltock, 1992).  In the eastern segment, the Hall Rivulet andesite-basalt lavas, 
breccias, and volcaniclastic of sequence are truncated by N-S fault, and juxtaposed with 
mafic-ultramafic rocks, interbedded with volcano-sedimentary rocks and feldspar-
hornblende-pyroxene-phyric andesites (Poltock, 1992).  In the central Henty Fault Wedge, 
ultramafic rocks, gabbros, basalts, andesites are capped by andesitic lavas and 
volcaniclastic rocks.  The western part of the wedge is dominated by tholeiitic basalt, 
dolerite and gabbro with intercalated volcaniclastic rocks.  The tholeiitic basalts and 
gabbros are broadly co-magmatic with the basaltic dykes of the Henty Dyke Swarm that 
intrudes the northern CVC (McClenaghan and Corbett, 1985; Crawford et al., 1992).  The 
intercalated volcaniclastic rocks have strong lithological similarities as the lithic-rich 
volcaniclastic rocks of the Halls Rivulet Track Fault, and thus a possible correlate of the 
Tyndall Group. 
 
 
2.2.5 Tyndall Group 
 
The Tyndall Group is the uppermost unit of the MRV and also the youngest part of the 
sequence based on regional stratigraphic relationships and biostratigraphic and isotopic U-Pb dating 
(White and McPhie, 1996; Corbett, 2002; Mortensen et al., in press).  It is a sequence of generally 
quartz-bearing crystal-rich sandstone, volcanic breccia and conglomerate intercalated with minor 
welded rhyolitic ignimbrite, felsic to intermediate lavas and intrusions, and non-volcanic sedimentary 
rocks such as limestone, mudstone, and sandstone (White and McPhie, 1996).  The lithologies are 
separated into two subdivisions, the lower Comstock Formation and the upper Zig Zag Hill Formation.  
The Comstock Formation is further divided into the Lynchford Member and the overlying Mount Julia 
Member.  The Lynchford Member consists of massive, feldspar crystal-rich sandstones with 
interbedded polymict, matrix-supported mass flows, minor siltstone and shale, and discontinuous 
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carbonate horizons (White and McPhie, 1996).  The quartz-poor Lynchford Member grades into the 
more felsic Mount Julia Member, which comprises volcaniclastic mass flows and well-sorted feldspar-
quartz crystal-rich volcaniclastic sandstones and minor siltstones (White and McPhie, 1996).  The Zig 
Zag Hill Formation conformably overlies the Mount Julia Member and is dominated by massive, 
graded polymict volcaniclastic conglomerate and sandstone beds of volcanic and basement 
provenance (White and McPhie, 1996).  Based on the presence of fossiliferous limestone and welded 
ignimbrite, the depositional setting of the Tyndall Group is interpreted to be subaqueous and below 
storm wave base with some shallow marine elements (White and McPhie, 1996, 1997).   
 
The Tyndall Group overlies the Tyennan basement, Sticht Range beds, southern CVC, Eastern 
Quartz-Phyric Sequence, Western Volcano-sedimentary Sequences, and the Cambrian Darwin granite 
(Corbett and Lees, 1987; White and McPhie, 1997).  It is overlain by the siliciclastic rocks of the Owen 
Conglomerate, both conformably and unconformably (Corbett, 1992; White, 1996).  Significant parts 
of the Western Volcano-sedimentary Sequences within the Dundas Trough have been reassigned as 
Tyndall Group correlates (White and McPhie, 1996; Corbett et al., 1997; Corbett, 2002).  The Tyndall 
Group and its correlates likely represent a continuous sequence through the Dundas Trough with 
lithological variations from local basins and sediment sources (Figure 2.4)(Corbett, 2002).  
 
The Henty-Mount Julia gold mineralisation and associated alteration are confined to the base 
of the Lynchford Member and the upper part of the CVC (Callaghan, 2001).  Also south of the Henty 
Fault, is the large Cu-Au Mount Lyell system with an exhalative Pb-Zn top (Corbett, 2001).  The 
extensive alteration zone is located almost entirely within the CVC but small lead-zinc massive sulfide 
lenses and alteration are hosted within the base of the Tyndall Group (Corbett, 2001). 
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2.2.6 Andesitic-Basaltic Volcanic Rocks  
 
Separate lenses and masses of calc-alkaline andesitic-basaltic volcanic rocks and associated 
intrusions occur within or between the other lithostratigraphic associations of the Mount Read belt 
(Corbett, 1992).  They are particularly common in the upper levels of the CVC and lower levels of the 
western sequences north of the Henty Fault, and near the interfingering boundary of the CVC and 
Yolande River sequences south of the Henty Fault (Figure 2.4; Corbett, 1992).  The volcanic rocks 
predominantly occur as interbedded flows, breccias, and lesser pillow lavas, with large to small 
bodies of associated intrusions.  The lavas are either plagioclase-pyroxene-phyric or plagioclase-
hornblende-phyric (Corbett, 1992).  Pillows and quench-fragmented lavas and breccias occur in close 
association with deep marine sedimentary rocks and support a submarine extrusive setting for the 
andesitic sequences (Corbett, 1992; Waters and Wallace, 1992).  The distribution and the 
geochemical composition of the andesitic-basaltic volcanic rocks are important because of their 
tectonic implications and also their association with volcanic-hosted massive sulfide deposits in the 
MRV (Corbett, 1992; Pemberton and Corbett, 1992).  
 
The largest andesite-basalt sequence is the pyroxene- and plagioclase-phyric Que-Hellyer 
Volcanics in the Western Volcano-sedimentary Sequences north of the Henty Fault.  The Hellyer and 
Que River massive sulfide deposits are hosted by the Que-Hellyer Volcanics between the footwall 
andesites and the hanging wall basalt.  Near the Pinnacles, the Hollway Andesite is a major pyroxene-
plagioclase-phyric andesite in the area that is considered to be a Que-Hellyer Volcanic correlate 
(Coutts, 1990; McIntyre, 2006).  At Sterling Valley, plagioclase-phyric andesite and basalt are found 
within the northern CVC.  In the central part of the Henty Fault Wedge, plagioclase- and plagioclase-
pyroxene-phyric andesites occur in the Henty Adits and Halls Rivulet Track sequences respectively. 
 
South of the Henty Fault and west of the Tyndall Range, the Anthony Road Andesite is the 
second most voluminous andesitic-basaltic sequence after the Que-Hellyer Volcanics.  The major 
units of the extrusive andesite occur in the contact zone between the CVC and the Tyndall Group, 
also between the Yolande River sequence and Tyndall Group  (Figure 2.4; Corbett, 1992; van 
Eijndthoven, 2006).  The sequence is dominated by hornblende-phyric andesite with lesser pyroxene-
plagioclase-phyric basaltic andesite (van Eijndthoven, 2006).  In the Queenstown area, a series of 
subvolcanic hornblende-phyric andesite and dacite bodies intrude both the Yolande River sequence 
and the CVC units (Everard and Villa, 1994).  The subvolcanic intrusions and lavas are collectively 
known as the Crown Hill Andesite.  A similar andesite occurs in Comstock and hosts small massive 
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sulfide orebodies in the northern part of the Mount Lyell field (Corbett, 1992; Crawford et al., 1992).  
The Lynch Creek basalts and the shallow intrusives in the Howards Plains area are pyroxene-phyric 
and share geochemical similarities with the Hellyer hanging wall basalts (Crawford et al., 1992). 
 
 
2.2.7 Tholeiitic Basaltic Rocks 
 
There are three main occurrences of tholeiitic basaltic rocks within the Mount Read belt.  
Strongly deformed ophitic basalts are exposed in the core of an anticline at Miners Ridge (Corbett, 
1979) and they have distinctively low K2O tholeiitic compositions and depleted light rare earth 
element (REE) patterns (Crawford et al., 1992).  It does not correlate with the tholeiites of the Henty 
Dyke Swarm or the Henty Fault Wedge and is not considered to be part of the MRV (Crawford et al., 
1992).  Instead, it may represent an upthrust basement of Neoproterozoic rift tholeiites and form 
part of the passive margin prior to the emplacement of the MRV (Crawford et al., 1992). 
 
The western part of the Henty Fault Wedge is dominated by tholeiitic basalts and andesites 
with slightly enriched light REE patterns (Crawford et al., 1992).  The tholeiitic lavas interfinger with 
calc-alkaline andesitic volcaniclastic rocks in the western part of the wedge, suggesting that eruptions 
of both types of lava may have been contemporaneous (Corbett, 1992; Poltock, 1992).  The third 
major occurrence of tholeiitic basaltic rocks occurs within the northern CVC adjacent to the North 
Henty and Henty Faults.  The basaltic, doleritic, and gabbroic dykes of the Henty Dyke Swarm have 
similarly enriched light REE patterns as the Henty Fault Wedge basalts and both are considered to be 
largely comagmatic (Crawford et al., 1992).  
 
 
2.3 Cambrian Intrusives 
 
Felsic to mafic intrusive rocks of varying age are found throughout the MRV.  The mafic ones 
include the previously mentioned tholeiitic basalt and dolerite bodies of the Henty Dyke Swarm 
(Corbett, 1992; Crawford et al., 1992) and the high-K calc-alkaline basalt dykes and sills in the CVC, 
which may have been subvolcanic feeders to mafic volcanic complexes in the overlying Western 
Volcano-sedimentary Sequence (McIntyre, 2006).   
 
Several felsic quartz-feldspar±biotite porphyry bodies intrude the MRV.  The Bonds Range 
porphyry is the largest of these bodies with a strike length of 55 km and a width of 2-3 km that 
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outcrops along the eastern margin of the MRV (Crawford, 2003).  These porphyry bodies likely 
intruded into both lithified host rocks and wet and unconsolidated clastic material, and were partly 
extrusive (McPhie and Allen, 1992; Crawford, 2003). 
 
Five Cambrian granitic intrusions were recognised in western Tasmania by Leaman and 
Richardson (1989): the Murchison Granite, Darwin Granite, Elliott Bay Granite, Dove Granite, and 
Timber Tops Granite.  Regional aeromagnetic and gravity surveys show that these granitoids are semi 
continuous over 60 kilometres long and 2 to 4 kilometres wide along the eastern boundary of the 
CVC.  They are typically medium-grained quartz-K-feldspar-plagioclase-biotite-hornblende±apatite± 
zircon±rutile granite or granodiorite (McNeill and Corbett, 1992).  They intrude the Western Volcano-
sedimentary Sequences, CVC and Eastern Quartz-Phyric Sequence, and are unconformably overlain 
by Tyndall Group volcaniclastic rocks in the Mount Murchison and Mount Darwin areas (McNeill and 
Corbett, 1992; Wyman, 2001). They have been interpreted as sub-volcanic intrusions that are 
genetically related to the host volcanic succession (Large et al., 1996) and they may have played 
important roles in driving the hydrothermal circulation that led to the VHMS mineralisation in the 
MRV (Large et al., 1996; Huston et al., 2011).  However, new age data for the Murchison granite is 
significantly younger than the VHMS deposits dated by the same method and thus the Murchison 
granite is unlikely to be in involved in the magmatic-hydrothermal system that formed the deposits 
(Mortensen et al., in press). 
 
 
2.4 Lithogeochemistry of the Mount Read Volcanics 
 
A geochemical study of the least-altered lavas and shallow intrusions of the MRV was carried 
out by Crawford et al. (1992) to determine the primary magmatic affinities of the MRV.  Although all 
the rocks used in the study have undergone minimal to minor alteration or mineral readjustment, Ti, 
Zr, Y, Nb, P and the rare earth elements (REE) are considered essentially immobile during the style of 
alteration that may have affected the rocks in the study.  Three calc-alkaline and two tholeiitic suites 
have been defined within the MRV (Figure 2.5; Crawford et al., 1992): 
 
Suite I lavas and intrusions are the most volumetrically abundant within the MRV.  These 
include the Eastern sequence felsic rocks, CVC andesitic to rhyolitic lavas north of the Henty Fault, 
CVC felsic lavas south of the Henty Fault (usually strongly altered), Que-Hellyer Volcanics footwall 
sequence lavas, Henty Fault Wedge andesites, Tyndall Group dacites and rhyolites, sheet-like quartz-
____________________________Chapter 2: Regional Geology of the Mount Read Volcanics 
29 
feldspar porphyries mostly along the western side of the MRV, and the Darwin and Murchison 
subvolcanic granitoids.  The least evolved rocks in suite I are moderately porphyritic augite- 
plagioclase-porphyritic andesites; plagioclase- sparsely augite-porphyritic dacites, minor hornblende-
plagioclase-porphyritic dacites, and felsic lavas with sparsely plagioclase-porphyritic or quartz- 
plagioclase-porphyritic rhyolites.  Suite I rocks have SiO2 contents in excess of 58 percent and FeOtotal 
and TiO2 contents that decrease smoothly with fractionation. Ti/Zr values also decrease with 
fractionation and range from 17-35 for andesites to 5-7 for the most evolved rocks.  Moderate light 
REE enrichments are defined by (La/Yb)N values between 5 to 8 for andesites, 10-14 for some more 
evolved rhyolites, and up to 16 for the high SiO2 Darwin Granite.  The andesites are considered to 
have affinities transitional from medium to high K calc-alkaline orogenic andesites and have modern 
analogues in mature island arcs, particularly those constructed on pre-existing continental crust and 
active continental margins.  
 
 
Figure 2.5: A selection of geochemical fields that highlights the geochemical affinities of 
suites I to V (Martin, 2004 after Crawford et al., 1992).  A) FeO vs. SiO2; B) TiO2 vs.  SiO2; C) 
P2O5/TiO2 vs.  SiO2; D) Ti/Zr vs. SiO2. 
 
Suite II rocks are restricted to the south of the Henty Fault and occur as hornblende-
porphyritic andesites and dacites near the stratigraphic top of the CVC and maybe less abundantly as 
augite + plagioclase-porphyritic andesites.  The SiO2 contents range from 58 to 68 percent and partly 
resorbed quartz phenocrysts are not uncommon in the hornblende-porphyritic rocks.  The 
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fractionation trend of suite II is typically calc-alkaline and FeOtotal decreases as SiO2 increases.  Suite II 
rocks are more MgO- and P2O5- rich and TiO2 poor than suite I.  Ti/Zr ranges from 15 to 20 and 
stronger light REE enrichment in suite II is characterised by (La/Yb)N values of 20 to 26 in hornblende-
porphyritic andesites and almost 10 for augite-porphyritic lavas.  Suite II andesites and dacites are 
considered to be high K calc-alkaline andesites. 
 
Suite III comprises mainly basaltic and andesitic lavas both north and south of the Henty 
Fault.  These rocks occur as the Lynch Creek basalts in Queenstown, the shallow intrusive rocks in the 
Howards Plains area, and the hanging wall sequence of the Que-Hellyer Volcanics.  The suite III lavas 
vary from primitive, crystal-rich olivine-chromite-clinopyroxene-porphyritic basalts and 
clinopyroxene-rich ankaramitic basalts, both lacking plagioclase phenocrysts, to less porphyritic, 
more evolved basalts and andesites.  Suite III is dominated by basalts and lesser andesites, with SiO2 
percent between 48 and 57.  FeOtotal and TiO2 contents decrease with fractionation from primitive 
basalts towards andesites, indicating calc-alkaline affinities.  The rocks have a  broad compositional 
range, which varies from low TiO2 (0.5%), low P2O5 (0.1%) lavas with (La/Yb)N values from 8 to 12 and 
flat heavy REE patterns, to low TiO2 (0.4-0.8%) but strongly P2O5 (0.4-1%) and light REE enriched lavas 
with (La/Yb)N values up to 34 and considerable heavy REE depletion.  Ti/Zr values range from 30 to 40 
for many basalts and andesites, to values between 19 to 25 in the most P2O5 and REE-enriched, 
shoshonitic basalts.  The least enriched rocks have transitional medium to high K calc-alkaline 
affinities with modern analogues being lavas from the Andes and modern arc systems.  While the 
significantly P2O5 and REE-enriched shoshonitic rocks do not have analogues in modern systems, 
shoshonitic magmatism suggests a post-collisional setting. 
 
Suite IV includes the tholeiitic Henty Dyke Swarm and the tholeiitic pillow basalts and 
dolerites of the Henty Fault Wedge.  Petrographically, the basaltic dykes of the Henty Dyke Swarm 
are augite + plagioclase-porphyritic to aphyric and the pillow basalts and dolerites of the Henty Fault 
Wedge are augite + plagioclase-porphyritic.  FeOtotal, TiO2, and Zr contents in these tholeiitic basalts 
increase with fractionation and have near chondritic Ti/Zr values between 88 and 107.  Suite IV rocks 
are relatively high in TiO2 (1.0-1.6%) with low P2O5/TiO2 (0.2), and very low Nb (<3ppm).  REE patterns 
are smooth and show a slight enrichment in light REE.  Compositionally, they are most comparable to 
supra-subduction zone basalts erupted during a period of extension and limited rifting, probably the 
earliest phase of arc splitting and back-arc basin opening. 
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Suite V rocks are basaltic lavas and lava breccias that occur in the fault-disrupted anticlinal 
core at Miners Ridge.  They are usually aphyric to ophitic but have occasional altered olivine 
phenocrysts.  The lavas are strongly magnesian tholeiites with relatively low Ti and weak light REE 
depletion ((La/Yb)N < 0.5).  Ti/Zr values range from 90 to 150 and some suite V basalts have high TiO2 
contents (>2%) and only slight light REE depletion.  The suite V tholeiites are tentatively correlated 
with the more depleted end members of late Proterozoic-Eocambrian rift tholeiites in Tasmania such 
as the Crimson Creek Formation, and thus not part of the Mount Read Volcanic sequence. 
 
 
2.5 Geochronology of the Mount Read Volcanics  
 
The MRV were first assigned a Middle Cambrian age based on biostratigraphic evidence and 
lithologic relationships (Jago et al., 1972; Jago, 1977; Jago and Brown, 1989; Corbett, 1992).  Recent 
U-Pb zircon ages by Mortensen et al. (in press) have provided highly precise dates to further 
constrain the emplacement ages of the MRV rocks (Table 2.1).   
  
In the arc-continent collision model proposed by Crawford and Berry (1992), the high-level 
emplacement of the mafic-ultramafic complexes and high grade metamorphic complexes in western 
Tasmania predate the MRV magmatism and provide an upper limit for the age of the volcano-
sedimentary sequences.  The emplacement age of the mafic-ultramafic complexes is constrained by 
the crystallisation age of the McIvor Hill gabbro at 516.0 ± 0.6 Ma (Mortenson et al., in press).  The 
peak metamorphic age of the Tyennan Orogeny in western and central Tasmania is approximately 
510 Ma (Berry et al., 2007).   
 
Magmatism in the central MRV is now considered to have lasted at least 12.1 million years, 
from 506.8 ± 0.7 Ma for a massive dacite unit in the lower part of the CVC to 496.0 ± 0.6 Ma for a 
welded ignimbrite in the lower Tyndall Group.  Previous U-Pb zircon dates by Perkins and Walshe  
(1993) yielded a mean age of 502.5 ± 3.5 Ma for the MRV, but the dates are considered to be about 
1% too young due to heterogeneity in the zircon standard used in the analyses (Williams and Pulford, 
2008).   U-Pb dates by Adams et al. (1985) are regarded as imprecise due to the effects of lead loss 
and inheritance.  K-Ar and Rb-Sr techniques often yielded ages younger than the biostratigraphic age 
as a result of deformation and metamorphic events during the Late Cambrian/Early Ordovician, and 
Devonian (Adams et al., 1985; Perkins and Walshe, 1993; Everard and Villa, 1994). 
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The new ages provided a better constrained on the emplacement of the host rocks that 
contain the VHMS mineralisation in the Que-Hellyer, Rosebery-Hercules and Mount Lyell districts.  
These deposits are now considered to have formed in a narrow timeframe of approximately 500 ± 1 
Ma.  Previous constraints on mineralisation dates were based on the presence of massive sulfide 
clasts in volcaniclastic rocks of the MRV at 502.5 ± 3.5 Ma (Perkins et al., 1992; Perkins and Walshe, 
1993). 
 
Table 2.1 - Age data for lithostratigraphic units of the Mount Read Volcanics (modified after 
Gifkins, 2001). 
Lithology Age Dating Method 
Tyndall Group 
Mount Julia Member, Comstock Fm 
Volcaniclastic sandstone, Comstock Fm 
Winter Brook lava 
Link Road ignimbrite 
welded ignimbrite (Mt Cripps Subgroup) 
 
494±3.8 Ma 
502.5±3.3 Ma 
500.4±6.9 Ma 
505.3±3.6 Ma 
495.99±0.91 Ma 
 
U-Pb in zircon SHRIMP2 
U-Pb in zircon SHRIMP2 
U-Pb in zircon SHRIMP2 
U-Pb in zircon SHRIMP2 
U-Pb in zircon TIMS4 
Mount Charter Group 
Southwell Subgroup 
“lower rhyolite” intrusion 
dacite, Que River Footwall 
 
503.2±3.8 Ma 
499.27±0.85 Ma 
~500±16 Ma 
 
U-Pb in zircon SHRIMP2 
U-Pb in zircon TIMS4 
U-Pb in zircon SHRIMP2 
White Spur Formation 
rhyolite intrusion 
rhyolite intrusion 
 
499.63±0.83 Ma 
500.43±0.77 Ma 
 
 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
 
Northern Central Volcanic Complex 
Kershaw Pumice Formation 
Hercules Pumice Formation  
 
 
K-Lens Porphyry 
Mt Black Formation  
 
503.43±0.92 Ma 
502.60±0.93 Ma 
502.81±0.98 Ma 
503.01±0.97 Ma 
499.41±0.56 Ma 
504.93±0.96 Ma 
506.76±0.98 Ma 
 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
Southern Central Volcanic Complex 
Philosopher’s Ridge rhyolite 
Jukes Road rhyolite 
 
 
500.35±0.93 Ma 
503.92±1.03 Ma 
501.95±0.88 Ma 
 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
U-Pb in zircon TIMS4 
Bonds Range porphyry 500.37±0.83 Ma U-Pb in zircon TIMS4 
Murchison granite 497.28±0.86 Ma U-Pb in zircon TIMS4 
Darwin Granite 510(+61;-21) Ma U-Pb in zircon1 
Crown Hill Andesite 489±9 Ma 40Ar/39Ar in hornblende3 
Anthony Road Andesite 502.2±3.5 Ma 
501.5±5.7 Ma 
U-Pb in zircon SHRIMP2 
40Ar/39Ar in hornblende2 
Data compiled from (1) Adams et al. (1985), (2) Perkins and Walshe (1993), (3) Everard and Villa (1994, 1997) 
and (4) Mortensen et al. (in press). 
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2.6 Deformation and Metamorphism of the Mount Read Volcanics 
 
Two major deformation events affected the rocks of the MRV.  The Early to Late Cambrian 
Tyennan Orogeny is largely responsible for the formation of the Dundas Trough and the 
emplacement of the MRV (Berry and Keele, 1993).  The onset of the Tyennan Orogeny is marked by 
the collision of the Tasmania passive margin with an oceanic arc, which resulted in the obduction of 
mafic-ultramafic complexes onto the Proterozoic basement (Figure 2.6; Berry and Crawford, 1988; 
Crawford and Berry, 1992; Turner et al., 1998).  The second stage of the Tyennan Orogeny was a 
Middle Cambrian extensional event that produced rapid subsidence, active synorogenic deposition, 
and felsic dominated volcanism (Stacey and Berry, 2004).  Subsequent north-south compression 
created east-west trending folds during the late Middle to early Late Cambrian.  The last stage of the 
Tyennan Orogeny reactivated previous extensional as reverse faults and produced upright open 
north-trending folds.  Major faults that were active during the Cambrian are the Henty and the Great 
Lyell Fault (Berry, 1989; Berry and Keele, 1993).  The Henty and the Great Lyell Faults mark significant 
lithological and metallogenic boundaries within the MRV (Corbett, 1992). 
 
 
 
Figure 2.6: Cambrian structural history of Tasmania (Stacey and Berry, 2004). 
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The second major deformation event that dominated the structural geology of western 
Tasmania was the Early to Middle Devonian Tabberabberan Orogeny of eastern Australia (Williams et 
al., 1989).  Earlier Cambrian structural elements are mostly obscured or overprinted by this 
deformation event; however, Devonian fold geometry appears to be influenced by pre-existing 
Cambrian fold trends such that the resultant cleavage orientations are not parallel to the axial plane 
of the folds (Berry, 1986; Williams et al., 1989). 
 
Two phases of regional deformation in the Devonian event were recognised by Seymour  
(1980) and Corbett (1981).  The earlier phase produced open, up-right north-south trending folds as 
a result of tightening earlier Cambrian folds.  The second phase is characterised by tight northwest-
west-northwest trending folds and thrusts due to northeast-southwest compression (Corbett, 1981; 
Williams et al., 1989).  The Devonian deformation reactivated major Cambrian structures, such as the 
Henty and Great Lyell Faults, with considerable displacements (Berry, 1989; Berry and Keele, 1993). 
 
Regional metamorphism to lower greenschist facies is contemporaneous with Devonian 
Tabberabberan Orogeny in the Rosebery area (Corbett, 1992; Green et al., 1981), whilst to the north, 
the Que-Hellyer Volcanics were metamorphosed to prehnite-pumpellyite facies (Offler and Whitford, 
1992). 
 
 
2.7 Devonian Granites 
 
S-type and I-type granites in western Tasmania were emplaced during the Late Devonian to 
Early Carboniferous after the main Tabberabberan deformation event (Williams et al., 1989; Corbett, 
1992; McClenaghan, 2006; Black et al., 2010).  Emplacement age varies from 373.6 ± 1.8 Ma in 
northwest Tasmania to 359.9 ± 1.9 Ma in the west coast (Black et al., 2005).  The granites occurred at 
high crustal levels and only minor deformation and narrow biotite±pyrite±tourmaline contact 
aureoles were developed (Williams et al. 1989; McClenaghan, 2006).  Geophysical surveys show that 
the intrusive bodies of the Granite Tor, Pine Hill and Heemskirt Granites are connected beneath the 
MRV (Leaman and Richardson, 1989).  Many mineral occurrences are spatially associated with the 
Devonian granites and the relationship suggests that Devonian base metal deposits are sourced from 
the granites or remobilised from Cambrian deposits during the emplacement (Solomon, 1981; 
Solomon et al., 1987; Leaman and Richardson, 1989).  The south end of the Rosebery massive sulfide 
deposit has undergone metasomatic replacement related to the post-orogenic granitoid pluton 
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emplacement (Martin, 2004; Zaw et al., 1999); however, the same effect is not observed in the Que-
Hellyer Volcanics due to a greater depth of emplacement. 
 
 
2.8 Tectonic History of Western Tasmania 
 
Several models have been proposed for the Early Palaeozoic tectonics of western Tasmania.  
The earliest models proposed an extensional setting, with the MRV forming an arc along the eastern 
margin of a pre-Middle Cambrian rift (Campana and King, 1963; Corbett et al., 1972; Brown, 1986; 
Varne and Foden, 1987).  However, the geochemical composition of the calc-alkaline MRV and the 
boninitic mafic-ultramafic complexes suggest that they are volcanics erupted from a subduction 
modified mantle in post-collisional settings (Corbett and Turner, 1989; Crawford et al., 1992).  Other 
models suggest a subduction related convergence of the Rocky Cape and Tyennan regions with a 
west-dipping oceanic slab east of the Mount Read arc (Solomon and Griffiths, 1972), or east-dipping 
slab west of the Mount Read arc (Corbett and Lees, 1987; Crook, 1980; Green, 1983, 1984; Solomon 
and Griffiths, 1974). 
 
The most recent and widely accepted tectonic model was developed by Berry and Crawford 
(1988) and Crawford and Berry (1992).  This model was refined by Crawford et al. (2000) and 
Crawford et al. (2003) and invokes the initial rifting of the Tasmanian continental crust between 600 
and 580 Ma, forming an east-facing volcanic margin and subsequent deposition of the Crimson Creek 
Formation and correlates along the passive continental margin (Figure 2.7).  East-dipping subduction 
occurred around 520 to 515 Ma and produced a boninitic forearc lithospheric section and a primitive 
intra-oceanic arc.  Further subduction led to an arc-continent collision at 510 to 505 Ma and the 
forearc-derived boninites were thrust westward onto the volcanic passive margin as allochthonous 
sheets. Gravitational collapse and extension of the newly assembled crust created half grabens, 
which were filled by the intercalated felsic and back-arc basin-type tholeiitic units of the MRV around 
500 Ma.  Earlier units are largely felsic but continued extension produced increasingly mafic 
magmatism with high K and shoshonitic compositions.  Further crustal rifting changed the nature of 
magmatism towards asthenosphere derived tholeiitic magmas.  In the Late Cambrian, a change in 
crustal kinematics terminated crustal extension and generation of new oceanic crust.  This led to the 
ponding of basaltic magma in the lower crust and subsequent felsic magmatism derived from crustal 
melts that produced the Tyndall Group.  Further extension eventually resulted in exhumation of the 
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underthrust continental crust and rapid erosion of the uplifted crystalline basement led to deposition 
of coarse proximal siliciclastic molasse of the Owen Conglomerate and correlates. 
 
   
 
Figure 2.7: Hypothetical tectonic development of the Tasmanian section of southeastern Australia 
shown as crustal cross-sections between 600 and 480 Ma (Crawford et al., 2003).  A) ~600 Ma: 
plume-triggered rifting at ca 600 Ma produces an east-facing volcanic margin with thick seaward-
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dipping reflector packages (SDRS).  ~580 Ma: eventual continental crustal rupturing and ocean 
opening.  B) ~ 520–515 Ma: east-dipping subduction commences, and produces a boninitic forearc 
lithospheric section and a primitive intra-oceanic arc.  C) ~ 510 Ma: arc-continent collision leads to 
emplacement of allochthons first of SDRS-type volcanic passive-margin basalts, which are overridden 
by nappes of forearc-derived boninitic lithospheric sections, leading to collapse of the margin and 
development of the Dundas Trough foreland basin.  D) 505 Ma: the new crustal collage had 
commenced to collapse due to post-collisional extension, and Mount Read Volcanics post-collisional 
lavas were erupted in the half-graben formed between ~ 505 and 497 Ma.  E) ~ 495 Ma: continued 
extension led to exhumation of the underthrust continental crust of the volcanic passive margin, and 
the production of large amounts of coarse proximal siliciclastic molasse (Owen Conglomerate) that 
filled grabens formed along the collision zone. 
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Chapter 3 – Local Geology  
 
3.0 Introduction 
 
The Mount Charter Group was defined by Corbett (1992) as the volcano-sedimentary 
sequence that hosts the andesite-basalt sequence of the Hellyer and Que River orebodies (Figure 
3.1).  The Mount Charter Group overlies the Central Volcanic Complex (CVC) and is overlain by the 
Owen Conglomerate.  In the Hellyer-Que River area, the succession is divided into the Black Harry 
Beds, Animal Creek Greywacke, Que-Hellyer Volcanics (QHV), Que River Shale, Southwell Subgroup, 
and Mount Cripps Subgroup. 
 
Different aspects of the Hellyer deposit, such as the stringer zone, the footwall and hanging 
wall alteration zones, the Hellyer basalt, and the mixed sequence, have been studied previously in 
past postdoctoral, doctorate, masters and honours research programs at the University of Tasmania.  
These studies include volcanic facies analyses, petrography, structural analyses, whole-rock 
geochemistry, mineral chemistry, radiogenic and stable isotopes, and fluid inclusions.  Fewer but 
similar studies have also been conducted on the Que River deposit by researchers at CSIRO and the 
University of Tasmania.  There is one honours research study on Mount Charter and a few regional 
isotope studies in the QHV area also included Mount Charter.  The deposit-scale geology and the 
results of the aforementioned studies on the Hellyer, Fossey, Que River and Mount Charter deposits 
are summarised in this chapter. 
 
 
3.1 Local Stratigraphic Sequence  
 
The northern CVC is dominated by feldspar-phyric rhyolitic and dacitic lavas, syn-volcanic 
intrusions, and syn-eruptive pumiceous units with minor andesite and basalt.  Although, units of the 
CVC are mostly restricted to the area south of the Mount Charter Fault (Corbett, 1992), they are 
likely to underlie the Mount Charter Group and have not been intersected by drilling to date (Andrew 
McNeill, pers. comm., 2013). 
 
Locally, the Black Harry Beds are approximately 300 m thick and comprise interbedded 
marine volcanic mudstones, volcaniclastic sandstones, mass flows, and shales that conformably 
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overlie or are faulted against the CVC (Corbett, 1992).  This unit is mapped south of the Mount 
Charter fault on the Murchison Highway and in an area 4 km WNW of Hellyer at Black Harry Road 
(Corbett, 1992).  The Black Harry Beds are not commonly intersected by exploration drilling.   
 
Figure 3.1: Geological map of the Que-Hellyer district (modified after Denwer et al., 2009). 
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Overlying the Black Harry Beds is the Animal Creek Greywacke, a sequence of well bedded 
micaceous greywackes and minor associated siltstones and mudstones of turbiditic origin 
(Pemberton et al., 1991).  It reaches up to 500-600 m in thickness and interfingers with the overlying 
volcanic and volcaniclastic rocks of the QHV.  The unit outcrops along the Murchison Highway for 
about 4 km north of Animal Creek, where it is bounded to the east by the Black Harry Beds and to the 
west by the Sock Creek lavas (possible equivalents of the QHV south of the Mount Charter Fault; see 
Chapter 2).  It outcrops continuously from the top of the CVC rocks at Mount Charter to below the 
QHV rocks in the large synform southeast of Mount Charter (Corbett and McNeill, 1986).  The unit is 
intersected in drill holes underlying the QHV west of the Mount Charter, Que River and Hellyer 
deposits. 
 
The Que-Hellyer Volcanics are a sequence of calc-alkaline mafic to felsic volcanic rocks, 
volcaniclastic rocks and minor mudstones.  They lie between the Animal Creek Greywacke and the 
Que River Shale and are fault bounded to the southwest by the Mount Charter Fault and the east by 
the Henty Fault (Figure 3.1).  The QHV outcrop over an area roughly 9 km by 4 km and are the host 
sequence of the Hellyer, Fossey, Que River and Mount Charter deposits.  Maximum thickness of the 
unit is 1 km at Que River and the QHV thin out significantly to the northwest.  Due to the economic 
importance of this group of rocks, most research has been focussed on the QHV unit rather than the 
other Mount Charter Group units.  These studies are discussed in further detail in the next section. 
 
The Que River Shale (QRS) is a sequence of pyritic black mudstones, siltstones, with minor 
greywacke and fine-grained volcaniclastic rocks that conformably overlies the QHV (Corbett, 1992).  
This unit has an average thickness of 100 m but thickens north of Hellyer where the upper basalt or 
Hellyer basalt is thin (McArthur, 1996).  The QRS is commonly pyritic, especially within the basal 10 m 
where the proportion of thin pyritic beds increases towards the basalt.  Peperitic mixtures of the 
Hellyer basalt and black shale, induration of the QRS at the basalt contact, and mud matrix of basalt 
breccias at Hellyer and Fossey indicate that the base of the QRS was deposited prior to and during 
the emplacement of the Hellyer basalt (Waters, 1995; Tomes, 2011).  This implies that the base of 
the QRS is also the hanging wall to the Hellyer mineralisation. 
 
The Southwell Subgroup is also known in the Hellyer mine area as the upper rhyolite 
sequence (URS).  It is a sequence of pumiceous felsic volcaniclastic rocks, shale, and greywacke 
turbidites (Corbett and Komyshan, 1989; McArthur, 1996).  The basal part of this assemblage is a 
distinct pumice-bearing, quartz-feldspar crystal-lithic volcaniclastic unit which interfingers with the 
Chapter 3: Local Geology_______________________________________________________ 
42 
 
underlying QRS (Corbett and Komyshan, 1989).   The lower parts of the Southwell Subgroup are best 
observed on the Hellyer haulage road while the upper parts are exposed near the Hellyer Portal and 
the Cradle Mountain Link Road. 
 
The Mount Cripps Subgroup overlies the Southwell Subgroup and is considered to be a 
correlate of the Tyndall Group (White and McPhie, 1996).  It is found on the western slopes of the 
Mount Cripps and on Murrays Road East and the Cradle Mountain Link Road (Corbett and Komyshan, 
1989).  The sequence is approximately 1300 m thick in the Cradle Mountain Link Road area and is 
dominated by polymict volcaniclastic conglomerate and sandstones beds and crystal-rich 
volcaniclastic rocks with minor graded breccia and sandstones and welded ignimbrite (White and 
McPhie, 1996).  The Cradle Mountain Link Road welded ignimbrite is likely to have been deposited in 
an entirely below-storm-wave-base environment (White and McPhie, 1997). 
 
Two types of Cambrian porphyritic bodies have been mapped within the Que-Hellyer district 
and both intrude the Southwell Subgroup (Corbett and Komyshan, 1989).  One is a coarse-grained 
quartz-feldspar porphyry that is characterised by large rounded quartz phenocrysts up to 5 mm in 
diameter and large feldspar laths up to 4 mm long.  The other is a finer grained spherulitic quartz 
porphyry is often flow banded with abundant small spherulites and small quartz phenocrysts.  The 
quartz-feldspar porphyry occurs mostly west of the Murchison Highway and the spherulitic quartz 
porphyry to the east of the highway (Corbett and Komyshan, 1989).   
 
 
3.2 Que-Hellyer Volcanics 
 
The Que-Hellyer Volcanics are 20 km long and 5 km wide belt that consists of mafic to felsic 
volcanic and volcaniclastic rocks, approximately 1 km thick.  The southern end of the belt outcrops in 
the vicinity of the Hellyer, Fossey, Que River and Mount Charter deposits and the rest is concealed 
under younger Palaeozoic sequences and Tertiary basalts (Corbett and Komyshan, 1989).  The 
southern end of the QHV is truncated by faults that are likely present, and possibly active during the 
emplacement. 
 
The QHV rocks were first subdivided by Corbett and Komyshan (1989) into four stratigraphic 
units: lower basalt, lower andesite and basalts, mixed sequence, and upper basalts and andesites 
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(Figure 3.2).  The volcanology and sedimentology of the VHMS host succession of the QHV were 
documented in detail by Waters (1995) in his dissertation. 
 
 
Figure 3.2: Stratigraphic units within the Mount Charter Group in the Que-Hellyer 
district (Waters, 1995). 
 
 
The lower basalt marks the base of the QHV.  The unit is composed of extrusive to shallow 
intrusive massive to pillowed basalts and associated volcaniclastic rocks (Waters, 1995).  The only 
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exposure of the unit is southeast of Mount Charter, where it occupies the core of a north-plunging 
syncline (Corbett and McNeill, 1986; McNeill, 1989).  The thickness of the unit is poorly constrained 
due to the lack of drilling that penetrates through the QHV; however, it appears to be thickest in the 
area southeast of the Que River deposit at 200-300 m (Corbett and Komyshan, 1989).  The sequence 
thins rapidly away from this area, suggesting that it forms a local constructional volcanic feature 
within the basin (Waters, 1995).  The lower basalt has a conformable, interfingering contact with the 
underlying Animal Creek Greywacke (Waters, 1995). 
 
The lower andesites and basalts are often referred to as the feldspar-phyric sequence (FPS).  
The suite I calc-alkaline andesite and minor basalt occur as lavas, autobreccias and fine-grained 
volcaniclastic rocks with rare epiclastic rocks.  The coherent facies is occasionally amygdaloidal and 
contains minor massive sulfide and barite mineralisation in the Fossey East area (see Chapter 4).  
Thickness of the FPS is highly variable.  It reaches 400-500 m at Que River, but thins to only a few 
metres at the western margin of the QHV.  The abrupt thickness changes in the footwall volcanics 
suggests the presence of a western bounding fault to the QHV. 
 
Overlying the lower andesites and basalts, is the complex and lithologically variable mixed 
sequence.  The unit consists of chaotic massive to graded, matrix-rich, pebble to cobble breccias that 
are comprised of locally derived basaltic to dacitic volcanic debris with interbedded volcaniclastic 
sandstones compositionally similar to the breccias (Waters, 1995).  The volcanic sandstones are 
massive to graded, and better sorted than the breccias.  Locally, dacitic units overly these 
volcaniclastic rocks and occur as small volume lava domes and shallow intrusions, with coherent 
cores and autoclastic breccia rims.  The dacitic and basaltic volcaniclastics are redeposited and 
incorporated into mass flows locally (Waters, 1995; Miedecke, 2011).  Sedimentation becomes non-
volcanogenic with the deposition of mudstones and minor quartz sandstones which marks the initial 
deposition of the overlying Que River Shale (Waters, 1995). 
 
The mixed sequence is the host sequence to the Hellyer, Fossey, Que River, and Mount 
Charter deposits.  The thickness of the mixed sequence is highly variable.  At Hellyer, the unit is only 
represented by a thin 10 m blanket of volcaniclastic breccias and sandstones and minor shale that 
partly onlaps the massive sulfide body. 
 
Due to the complex internal stratigraphy of the mixed sequence, a direct correlation 
between ore horizons is difficult.  However, Hellyer, Fossey, and Mount Charter are generally 
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considered to be slightly above Que River in the stratigraphy (Denwer et al., 2009).  Dacite lavas 
occur in the hanging wall position south of the Hellyer and Fossey orebodies and also the hanging 
wall of Mount Charter barite mineralisation. 
 
The upper basalt or Hellyer basalt marks the top of the QHV.  It is a package of massive to 
pillowed basalts, hyaloclastites, peperites, and minor fine-grained sedimentary rocks up to 220 m 
thick (Waters and Wallace, 1992).  The unit is thickest just northeast of the Hellyer deposit and thins 
dramatically to the northeast and more gradually to the southwest (Corbett and Komyshan, 1989).  
Basalt samples are dark green to pale green colour often displaying bright green flecks of fuchsite 
alteration.  Highly vesicular samples have infills of quartz, carbonate, and minor chlorite.  Upper 
peperitic basalt contacts and the disruption and baking of the overlying mudstones, suggest that the 
Hellyer basalt was a shallow intrusion emplaced  into wet, unconsolidated sediments of the QRS 
(Waters, 1995).   
 
The characteristics of the volcanic rocks throughout the QHV have led Waters (1995) to 
conclude that they were emplaced passively in a deep water marine environment.  Massive and 
pillowed lavas have gradational contacts that transition into coarse enveloping breccias that formed 
as a result of quench fragmentation and autobrecciation (Waters, 1995).  The lack of products of 
explosive fragmentation, the absence of large scale tractional sedimentary structures, and the 
presence of overlying black anoxic QRS favour a deep water setting for the QHV (Waters, 1995). 
 
 
3.3  Structure 
 
The QHV rocks are subdivided by five major northeast trending structures: the Mount 
Charter fault, the Barite Creek structure, the Que fault, the Tailings Dam fault, and the Easy Street 
fault (Figure 3.3).  These appear to control Cambrian stratigraphy and were likely syn-depositional 
faults that were reactivated in the Devonian (Downs, 1993).  Deformation in the Que-Hellyer area is 
dominated by upright shallowly plunging folds that trend northeast-southwest as a result of the Mid-
Devonian Tabberabberan Orogeny (Drown and Downs, 1990).  Folding in Que River mine becomes 
more complex where the major regional Henty Fault interacts with the Que Fault.  Tight parasitic 
folds developed on the synclinal structure and result in the sub-vertical orientation of the Que River 
lenses (Large et al., 1988). 
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Figure 3.3:  Schematic north-south cross section of the Que-Hellyer Volcanics showing the 
lithostratigraphy, ore deposit positions, and bounding faults (Denwer et al., 2009). 
 
 
The Hellyer deposit lies in the crest of a broad anticline which plunges at 20-25˚ to the NNE 
(McArthur and Dronseika, 1990).  A structural study by Downs (1993) indicated that the Hellyer 
deposit has been subject to at least three phases of deformation since its formation: Middle 
Devonian folding, brittle-ductile shearing, and later wrench faulting.  Sinistral movement on the Jack 
Fault occurred after the Devonian folding and was likely associated with the Mesozoic wrench 
movement on the Henty-Mount Cripps Fault (Berry, 1989).  The offset along the Jack Fault was 
determined by matching the displaced ore contacts and the mixed sequence on either side of the 
fault.  This showed that north of 10740N (mine grid) the eastern block moved 130 m north and 30 m 
upwards 
 
Folding of the Hellyer deposit during the Middle Devonian was strongly controlled by primary 
sulfide thickness variations and the competency of the enclosing rocks.  Strain partitioning resulted in 
the development of a syncline where primary thickness of sphalerite-galena-rich ore overlay 
phyllosilicate-rich altered footwall (Drown and Downs, 1990).  Similarly, an anticline developed over 
the more rigid pyrite-rich zones which overlay the siliceous core of the footwall alteration system.  
The relatively unaltered footwall andesite either side of the alteration system and the basalt in the 
hanging wall are essentially the rigid blocks translating all the deformation strain to the enclosed 
rocks within (Drown and Downs, 1990). 
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3.4 The VHMS Deposits of the Que-Hellyer Volcanics   
 
The Hellyer, Fossey, Que River, and Mount Charter deposits are all volcanic-hosted massive 
sulfide deposits that occur within the mixed sequence of the Que-Hellyer Volcanics.  The deposits 
occur along a 6 km north-northwest corridor with Hellyer being the northern most deposit 
discovered to date (Figure 3.1).    
 
The Hellyer deposit is a high grade polymetallic deposit with an irregular elongate shape, 
offset by the steep, north-south striking Jack Fault (McArthur, 1996).  It represents a well preserved 
example of a volcanogenic seafloor vent deposit with a focussed stringer system (McArthur and 
Dronseika, 1990).  The recently discovered Fossey deposit is located immediately south of the Hellyer 
orebody.  It is an irregular, stratiform zone of baritic +/- minor glassy silica-pyrite mineralisation 
associated with areas of high grade base metal sulfide (Denwer et al., 2009).  The Que River deposit 
is 3 km south of Hellyer and consists of five steeply dipping ore lenses (PQ, P North, QR 32, Nico and 
S).  The four lenses that lie below the extrusive dacite have been interpreted to lie within the same 
stratigraphic horizon and the current geometric distribution is a result of folding and faulting (Large 
et al., 1988).  The Mount Charter deposit is about 3 km south of the Que River deposit and the main 
Au-Ag(-Ba) mineralisation consists of a network of barite veins and breccia zones with minor 
amounts of pyrite, sphalerite, galena, and quartz (Denwer et al., 2009).   
 
Lead isotopes have been used widely in western Tasmania to discriminate the Cambrian 
volcanic-hosted massive sulfide deposits from the Devonian-Carboniferous deformation and 
intrusion related deposits (Gulson and Porritt, 1987).  Within the MRV, the Cambrian deposits have 
distinct isotopic signatures that are useful in determining affinity during exploration targeting (Figure 
3.4).   In general the Hellyer Pb isotope signature is tight and shows a more homogeneous character 
of Pb isotope population (Gemmell and Carr, 1997).  The Que River Pb isotope population is not as 
homogenous and shows a greater degree of variation in the isotope values from the stringer zone, 
precious metal zone, and the deep stringer zone compared to the Que River base metal sulfide target 
signature (Figures 3.4 and 3.5).  Limited data available from Fossey and Mount Charter show that 
their Pb isotope signatures plot close to the Hellyer target signature (Gemmell and Carr, 1997; D. 
Huston, unpublished data).   
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Figure 3.4: Published isotope data for MRV mineralisation (compiled by David Huston of 
Geoscience Australia from Gulson et al., 1987) 
 
 
Figure 3.5: Isotope data for Cambrian Pb-Zn mineralisation in MRV (published and 
unpublished data compiled by David Huston of Geoscience Australia from Gulson et al., 
1987; Gemmell and Carr, 1997; Huston et al., 2012) 
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3.4.1 Hellyer Deposit 
 
The Hellyer deposit is the most significant VHMS mineralisation within the Que-Hellyer 
district.  It is an irregular elongate massive sulfide body that has been roughly bisected by sinistral 
displacement of the north-south striking, sub-vertical Jack Fault (McArthur, 1996; Figure 3.6).  The 
orebody is about 830 m long (730 m pre-Jack Fault) and up to 200 m wide.  It has an average 
thickness of 43 m and the pre-mining resource was 16.5 Mt at 0.4% Cu, 7.2% Pb, 13.9% Zn, 169 g/t 
Ag and 2.6 g/t Au (Western Metals, 2000).  The Hellyer deposit is buried and blind and the shallowest 
portion, at the southern end, is approximately 60 m below the surface.  The orebody plunges at 20˚ 
to the NNE and the deepest parts are at 500 m below the surface (McArthur, 1996).   
 
 
Figure 3.6: Schematic cross section on the Hellyer deposit.  Modified from company image 
courtesy of Bass Metal Ltd. 
 
The immediate footwall to the Hellyer mineralisation is a sequence of andesitic lavas with 
primary to redeposited volcaniclastic debris collectively known as the feldspar-phyric sequence (FPS).  
Beneath the sulfide body, these andesitic volcanic rocks are intensely altered and form a vertically 
extensive stringer zone (McArthur and Dronseika, 1990). 
 
The mixed sequence occurs directly over the FPS and the massive sulfide orebody and at 
Hellyer is referred to as the hanging wall volcaniclastic sequence (HVS).  Where the baritic and 
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siliceous caps are present at Hellyer, the contact with the mixed sequence is sharp and the mixed 
sequence is strongly sericite altered (Sharpe, 1991).  The volcaniclastic rocks are the thickest above 
the mineralisation and thin out laterally away from the mineralisation. 
 
Immediately above the mixed sequence is the Hellyer basalt.  The Hellyer basalt shows the 
characteristic low Ti and Nb of arc basalts, but is also notably enriched in K-group elements (K, Ba, 
Rb, LREE) (Jack, 1989).  Geochemically it falls into suites I, II and III of the five geochemical affinities 
defined by Crawford et al. (1992).  The characteristics of the “primitive core lava” described by Jack 
(1989) appears more widespread, sharing similar chemical components with a dolerite and a weakly-
altered basalt facies (Tomes, 2011).  Evidence for shallow emplacement of the Hellyer basalt in to 
wet, unconsolidated sediments was provided by Waters (1995). Further investigation on the extent 
of the intrusive nature of the basalt by Tomes (2011) shows that the Hellyer basalt is largely intrusive 
near the Hellyer deposit.  
 
The Hellyer deposit is considered to be an excellent example of a polymetallic, mound-style 
VHMS deposit that has well developed and preserved footwall and hanging wall alteration halos 
(Large, 1992).   
 
 
3.4.1.1 Hellyer Mineralisation 
 
The Hellyer deposit is dominated by massive sulfide ores with an average of 54% pyrite, 20% 
sphalerite, 8% galena, 2% arsenopyrite, and 1% chalcopyrite with minor tetrahedrite (McArthur and 
Dronseika, 1990).  Gangue minerals including quartz, barite, calcite, chlorite, sericite, and siderite 
make up the remaining ~15% of the orebody.  Sulfide accumulation is restricted to a single lens that 
has been bisected by faulting, but with essentially no internal waste.  The massive sulfide ores were 
subdivided into four types by McArthur and Dronseika (1990).  
 
1) Footwall Depleted Zone – inner footwall portion with <100 ppm Ag, elevated Fe, Cu 
2) Hanging-wall Enriched Zone – hanging wall portion and outer regions with >100 ppm Ag, 
elevated Pb, Zn, Ag, Au, As 
3) Baritic Cap – massive barite with minor massive sulfide ‘slugs”, stratigraphically above the 
hanging wall enriched zone 
4) Siliceous Cap – pyritic “chert”, stratigraphically above the hanging wall enriched zone 
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Textural variations in sulfide mineralogy are complex at Hellyer and macro- and microscopic 
features were documented comprehensively by McArthur (1996).  Macroscopically, the massive 
sulfide texture is classified into six end-members: massive, banded, boxwork veining, fragmental, 
recrystallised, and shrinkage shadows (McArthur, 1996).  Massive textures are dominant throughout, 
but the richer ores in the hanging wall enriched zone tend to be banded and vary from alternating 
planar layers of pyrite and sphalerite±galena±arsenopyrite, to contorted discontinuous layers, to 
fine, wispy sphalerite±galena in a pyrite matrix (McArthur and Dronseika, 1990).  Recrystallised 
textures are concentrated proximally over the interpreted core of the footwall alteration zone 
(Gemmell and Large, 1992) while banded and shrinkage shadow textures are more common in distal 
positions.  Fragmental ores concentrate at the footwall in topographic lows on the seafloor as 
reconstructed by Downs (1993). 
 
Microscopically, the sulfide textures are diverse and very fine-grained with many delicate 
depositional textures preserved (McArthur, 1996).  Pyrite occurrence ranges from spongy, 
melnikovite, to anhedral with interstitial galena, to well developed cubes.  Colloform and ultrafine 
intergrowths of pyrite with other sulfides are commonly observed, especially with galena and 
arsenopyrite (McArthur, 1996).  Sphalerite also occurs as fine-grained masses with intergrowths of 
pyrite, galena, and arsenopyrite.  Chalcopyrite disease in sphalerite is most strongly developed 
towards the footwall (McArthur and Dronseika, 1990).  Sphalerite intergrowths with chlorite are also 
common, but not with any other gangue minerals (McArthur, 1996).  Galena is generally more 
coarse-grained and occurs as partly re-crystallised clusters, thin veins and minute blebs throughout 
the sulfide matrix; intergrowths of galena with sericite are also common.  Near the hanging wall, 
tetrahedrite is present as intergrowths with galena, as veinlets cutting galena, sphalerite and pyrite, 
as shells around colloform pyrite, or as minute grains within sphalerite (McArthur and Dronseika, 
1990). 
 
Stratigraphically above the massive sulfides is the baritic cap, which is largely composed of 
massive barite layers up to 15 m thick with irregular bands and clots of sphalerite, galena and 
tetrahedrite (McArthur and Dronseika, 1990; Figure 3.6).  The barite cap is bounded by the orebody 
extremities and forms a semi-continuous elongate lens above the massive sulfide mineralisation.  
The contacts between the barite cap and massive sulfides vary from sharp and irregular to diffuse 
(Sharpe, 1991).  Barite occurs as massive interlocking grains to well formed crystalline tabular laths 
up to 10 cm in size (Sharpe, 1991).  Intergrowths of barite are common and radiating barite 
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aggregates are also observed.  Barite grains in zones with high sulfide content tend to be rounded 
and fractured, suggesting some degree of redeposition and dissolution (Sharpe, 1991). 
 
Overlying the barite, and to a lesser extent, there is a thin layer of highly siliceous precious 
metal-rich ore with approximately 40% sulfides and well preserved primary colloform and framboidal 
textures (McArthur and Dronseika, 1990; Sharpe, 1991).  This siliceous cap is also known as the glassy 
silica pyrite (GSP) unit for its distinctive pyritic textures in a grey, glassy siliceous matrix.  The 
occurrence of the GSP is discontinuous, but generally correlates with that of the barite cap, with the 
exception of a few lenses where the GSP lies directly on top of the massive mineralisation (Sharpe, 
1991).  Interdigitating contacts, siliceous vein transect the barite cap and fragmental barite in the 
GSP suggest the formation of the barite and GSP were near contemporaneous (Sharpe, 1991). 
 
Beneath the massive sulfide body is a stringer zone which contains sub-economic vein 
mineralisation.  Mineralisation is restricted to pyrite veins with significant amounts of coarse-grained 
barite, sphalerite, galena and chalcopyrite (McArthur and Dronseika, 1990). The stringer zone is 
described in conjunction with the footwall alteration system in the following section. 
 
 
3.4.1.2 Hellyer Alteration  
 
Hydrothermal alteration occurs in the hanging wall, immediate footwall and regional 
footwall.  Alteration in the regional footwall is generally weak and limited to irregular zones of 
quartz, albite, chlorite and minor patchy sericite, epidote and hematite (Gemmell and Fulton, 2001).   
 
Compared to the immediate footwall, hydrothermal alteration in the hanging wall is less 
intense and only affects the hanging wall basalt immediately above the massive sulfide orebody.  In 
the hanging wall alteration halo, there is a distinct bright green mica that is commonly referred to as 
“fuchsite”.  Five alteration zones are recognised within the hanging wall, namely the fuchsite, 
chlorite, carbonate, quartz-albite, and sericite zones (Jack, 1989; Gemmell and Fulton, 2001).  The 
fuchsite-dominated alteration zone sits directly above the main ore zone and is surrounded by zones 
of chlorite- and carbonate-dominated alteration.  Intense and pervasive carbonate alteration is 
closely associated with chlorite and occurs near the orebody; however, the chlorite zone tends to 
extend above and lateral to the carbonate.  Outward from the inner alteration zones is the quartz-
albite alteration zone which is characterised by the white to pink, bleached appearance of the basalt.  
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The outermost alteration zone is dominated by sericite, occurring as weak, patchy to pervasive 
alteration around the margins of the quartz-albite zone.  Well developed alteration zones in the 
hanging wall basalts suggests that hydrothermal activity continued after the formation of the Hellyer 
deposit (Jack, 1989). 
 
The Hellyer deposit is underlain by an extensive, well developed and well preserved 
alteration zone and stringer system that has not been overprinted or deformed significantly by 
subsequent tectonic events.  In a study on the stringer zone and footwall alteration, Gemmell and 
Large (1992) have characterised the zonation in alteration minerals within the footwall alteration 
pipe, starting with a siliceous core at the centre, outwards to an inner chlorite-sericite zone, and a 
peripheral sericite-quartz zone (Figure 3.7).  The three zones are best developed in the northern part 
of the footwall alteration system.  In the central and southern part of the system, the sericite-chlorite 
alteration zone is missing and the inner alteration zone is defined by intense quartz and sulfide 
veining.  This constitutes the stringer zone of the footwall alteration system and the stringer 
envelope zones refers to the peripheral sericite-quartz zone with lesser veining (Gemmell and Fulton, 
2001).  
 
 
Figure 3.7: Schematic representation of the hanging wall and footwall alteration zones with 
directional trends of progressive enrichment and depletion of element (Gemmell and Fulton, 
2001). 
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Eight stages of veining were recognised and described by Gemmell and Large (1992) in the 
siliceous core of the stringer zone (Figure 3.8).   The footwall stringer alteration system is interpreted 
as representing the main fluid pathways, or feeder zones.  Three well developed feeder systems are 
recognised by Gemmell and Large (1992) in the northern, central and southern parts of the footwall.  
Fe and Cu are concentrated in the cores of the feeders as Zn-Pb, Ag, Au-As, and Ba become dispersed 
away from the centres of hydrothermal activity. 
 
 
Figure 3.8: Vein paragenesis in the stringer zone (Gemmell and Large, 1992).  Stage 1 is 
pre-mineralisation; stages 2A, 2B, and 2C are syn-mineralisation; and stages 3 to 6 are 
post-mineralisation.  Stages 2A and 2B veins are commonly parallel but 2B veins do 
crosscut 2A veins.  Dominant minerals listed for each stage: BA = barite, CL = chlorite, CO 
= carbonate (primarily dolomite), CP = chalcopyrite, GN = galena, PY = pyrite, QZ = 
quartz, SP = sphalerite. 
 
Mass balance calculations by Gemmell and Fulton (2001) show that the footwall alteration 
zones are depleted in CaO, Na2O, La, Sr, Hi, Cr, and V and enriched in Fe2O3, MnO, MgO, K2O, S, and 
most metals (Figure 3.7).  In comparison, the hanging wall alteration zones have gained CaO, K2O, 
Na2O, CO2, S, Rb, Ba, Ag, As, Mo, Sb, Cs and Tl but are depleted in Fe2O3, MnO, MgO, P2O5, La, Sr, Pb, 
An, Th, U, Cd, and Nd.  The loss of CaO, Na2O, Cr, V and Ni in the footwall and enrichment in hanging 
wall is attributed to the breakdown of feldspars, pyroxenes, and andesitic groundmass of the 
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footwall rocks and the hydrothermal fluids transported to the hanging wall basalt to form albite, 
calcite, and sericite alteration (Gemmell and Fulton, 2001). 
 
 
3.4.1.3 Hellyer Alteration Mineral Chemistry  
 
Mica chemistry in the hanging wall was studied by Fulton (1999) and Gemmell and Fulton 
(2001).  The studies show that both Cr and Ba contents of mica samples tend to increase from distal 
towards the hanging wall plume.  The hanging wall contains both muscovite and phengite, but no 
obvious trends were identified in Mn, Na, Ca, Sr, Zn, and Cl concentrations of micas between altered 
and unaltered samples.  The bright green Cr-bearing “fuchsite” contain variable amounts of Cr2O3 
(0.0-1.11%) and Fulton (1999) indicated that only relatively small amounts of Cr substitution is 
required to produce the bright green colour. 
 
The compositional variations of white mica in the footwall and hanging wall alteration using 
short wavelength infrared (SWIR) spectroscopy were discussed in Yang et al. (1997).  The Al-OH 
absorption wavelength of white mica ranges 2190-2225 nm, with the most intensely altered rocks in 
the footwall dominated by long Al-OH wavelength (>2215 nm) micas.  Yang et al. (2011) further 
demonstrated the use of spectral reflectance data in mapping the hydrothermal system at Hellyer 
with the dominance of phengitic mica in main upflow fluid channel, intensely altered volcanic rocks, 
and Pb-Zn mineralisation.  
 
A compilation of chlorite chemical data from the Hellyer deposit by Gemmell and Fulton 
(2001) show that chlorites in the footwall chlorite, chlorite-carbonate, and siliceous core zones are 
relatively Mg-rich and that chlorites from the andesites outside the stringer zone are relatively Fe-
rich.  Chlorites from the hanging wall chlorite-carbonate zone are both Mg- and Fe-rich while 
chlorites from the least-altered basalts distal to the hanging wall plume are predominantly Fe-rich.  
Chlorites from the hanging wall plume show high levels of chromium (up to 2.44% Cr2O3) compared 
to chlorites from unaltered basalts (<0.5% Cr2O3).  Chlorite composition by SWIR spectroscopy shows 
a range of Fe-OH absorption wavelength values between 2250 and 2264 (Yang et al., 1997) but no 
systematic variation in chlorite composition was determined with proximity or alteration intensity.   
 
Rare, fine-grained K-feldspar has been observed in the hanging wall quartz-albite alteration 
zone.  Fulton (1999) reported SrO contents of 0.1-0.3 wt% and BaO contents of 0.11-5.58 wt%.  The 
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Ba-rich feldspars correspond to whole-rock samples that are also very rich in Ba (up to 9000 ppm).  
McArthur (1996) also reported high Ba contents in K-feldspar within the massive sulfide body (up to 
14.8 wt% Ba).  The presence of K-feldspar in footwall alteration was also documented in the SWIR 
study by Yang et al. (1997).  Microprobe analyses confirmed the presence of K-feldspar and reported 
various amounts of BaO, from 0.1-7.6 wt% (Yang et al., 1997).  Microtextures and mineral 
associations suggest a hydrothermal origin of the K-feldspar at Hellyer. 
 
Carbonate species at Hellyer include calcite, dolomite, ferroan-dolomite, and ankerite.   
Carbonate in the footwall alteration pipe (chlorite-carbonate zone) is dolomite with minor ferroan-
dolomite (Gemmell and Large, 1992; Bradley, 1997).  Carbonate minerals in the hanging wall 
alteration plume (chlorite-carbonate and fuchsite zones) are predominately ferroan-dolomite, 
ankerite, and calcite (Gemmell and Fulton, 2001).  Intense and pervasive carbonate alteration is 
commonly associated with chlorite alteration of the Hellyer basalt.  The dominant carbonate mineral 
outside the hanging wall alteration is calcite, which is considered to be of regional metamorphic 
origin (Large et al., 2001). 
 
Within the hanging wall alteration halo, dolomites and ankerites containing the highest 
concentrations of Mg, Fe, and Mn are found within the zone of intense fuchsite-carbonate alteration 
(Gemmell and Fulton, 2001).  The composition of hanging wall hydrothermal carbonate shows a 
systematic change of increasing Mn, at roughly similar Fe + Mg contents (although Mg > Fe), as the 
orebody is approached. 
 
 
3.4.1.4 Hellyer Isotope Studies 
Strontium 
 The strontium isotope composition of barite from Hellyer, Que River and Mount Charter and 
other MRV deposits were examined by Whitford et al. (1992).  The 87Sr/86Sr ratios of Hellyer, Que 
River, and Mount Charter stratiform barite are 0.71032-0.71077 and vein barite 0.70989-0.71121.   
These values are considered to be primary and unaffected by Devonian deformation and granite 
related processes (Whitford et al., 1992).  The reported 87Sr/86Sr ratios were higher than the ratios 
calculated for Cambrian volcanic rocks and the inferred Cambrian seawater.  The hydrothermal fluids 
were interpreted to have circulated deep into the basement, which may represent the source of ore 
metals (Whitford et al., 1992). 
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Sulfur  
Studies have shown that there is a wide variation of sulfur isotope values associated with the 
Hellyer VHMS deposit (Jack, 1989; Gemmell and Large, 1992; 1993).  The data were compiled by 
Gemmell and Fulton (2001) and the following is a summary of the important observations from that 
study (Figure 3.9). 
 
Disseminated pyrite in the footwall alteration zone has lower δ34S values (6.6-11.9‰) than 
the ones outside the alteration pipe (19.5-32.0‰).  In the hanging wall, disseminated pyrite from the 
hanging wall fuchsite and carbonate zones also show a distinct variation in δ34S values (-1.8 to 
+3.0‰) compared to the pyrite from the more distal quartz-albite alteration zone (8.8-16.1‰).  
While sulfide minerals from the massive sulfide mineralisation have δ34S values ranging between 5.3 
and 9.4‰, sulfides sampled from the barite and silica caps have slightly heavier values of 6.0-16.1‰.  
A comparison amongst stage 2 syn-mineralisation veins show that base metal rich stage 2B veins 
have lower δ34S values than a set of paragenetically earlier stage 2A veins (3.8-8.9‰ vs. 5.7-11.1‰).  
Stage 2A veins in the outer stringer envelope zone have significantly higher δ34S values (11.9-40.7‰) 
than those from the stringer zone.  Barite from the barite cap has values ranging from 32.4-46.0‰, 
while barite from stage 2B and 2C footwall stringer veins has δ34S values ranging from 19.1-49.5‰.  
 
 
Figure 3.9: Distribution of sulfur isotope values associated with the Hellyer deposit (Gemmell and 
Fulton, 2001). All analyses for pyrite except where noted as barite. Data from Jack (1989) and 
Gemmell and Large (1992, 1993). Abbreviations: SEZ = stringer envelope zone, STZ = stringer zone. 
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The apparent variations in δ34S values within the footwall are explained by a model, in which 
the initial hydrothermal fluid begins with totally to partially reduced seawater sulfate and evolves 
into a fluid dominated by igneous sulfur (ore-forming fluid) as the convection system intensifies and 
penetrates deeper into the footwall (Gemmell and Large, 1992).  Towards the end stages of the 
hydrothermal system, sulfate becomes more abundant in the fluid and eventually dominant.  Sulfur 
isotope variations in the hanging wall are attributed to a rapid replenishment of reduced seawater 
sulfate, caused by a high flux of seawater through the pillow lava (Jack, 1989). 
 
Oxygen  
Whole-rock oxygen isotope analyses were determined from unaltered and variably altered 
andesites and basalts by Green and Taheri (1992).  The results show a progressive trend where the 
δ18O values varies from 11.3 ± 1.0‰ in the footwall andesites, to 9.8 ± 1.8‰ in the stringer envelope 
zone (sericite-quartz-pyrite), to 8.3 ± 1.3‰ in the stringer zone (chlorite-quartz-sericite).  Distal, 
weakly altered footwall andesite samples (1.4 km away from the deposit) have δ18O values of 13.1 ± 
0.5‰.  Samples from the hanging wall fuchsite alteration zone have δ18O values of 10.6 ± 1.2‰, 
while unaltered basalts distal to the alteration plume have heavier δ18O values at 11.8 ± 2.2‰.  This 
observed trend of decreasing δ18O values with increasing alteration intensity (Figure 3.10) is 
consistent with the deposit and district-scale δ18OR
f traverses at VHMS deposits described in Huston 
(1999). 
 
 
Figure 3.10: Range of δ18O values in unaltered footwall andesite, footwall alteration zones, 
hanging-wall alteration, and unaltered hanging-wall basalt (Gemmell and Fulton, 2001); 
data from Green and Taheri (1992).  Asterisk signifies the mean value. 
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Modelling of the Hellyer δ18OR
f (final δ18O value of rock) values by Gemmell and Fulton (2001) 
shows that a hydrothermal fluid with a δ18OW
i (initial δ18O value of water, in the water-rock 
interaction) value closer to 4‰ yields the most realistic temperature ranges for both footwall and 
hanging wall alteration.  The results are also in agreement with the temperatures of formation of the 
footwall alteration calculated by the geochemical modelling described in Schardt et al. (2001)(Table 
3.1). 
 
Table 3.1 - Estimated temperatures of formation based on modelling of whole-rock δ18O values1 
(Gemmell and Fulton, 2001). 
 
δ18OR
f 
(‰)1 
Temperature (°C)2 
from δ18Ow
i =0 ‰ 
Temperature (°C)2 
from δ18Ow
i =4 ‰ 
Temperature (°C)3 
from geochemical 
modelling 
Proximal hanging wall basalt 
(<1 km from Hellyer) 
10-14 90-145 145-225  
Hanging wall fuchsite 
alteration zone 
9-12 120-160 180-250  
Footwall stringer zone 
alteration 
7-10 150-190 225-310 250-350 
Footwall stringer envelope 
zone alteration 
8-12 120-180 180-280 150-250 
Proximal footwall andesite 
(<1.4 km from Hellyer) 
10-12 120-150 180-225  
Distal footwall andesite 
(>1.4 km from Hellyer) 
12-14 90-120 145-180  
1Whole-rock oxygen isotope data from Green and Taheri (1992) 
2Temperature calculated from equations of Taylor (1977) and Green (1983) 
3Temperatures calculated by Schardt et al. (2001) 
 
 
3.4.1.5 Hellyer Fluid Inclusion Study  
 
 Fluid inclusion studies were carried out by Zaw et al. (1996) in the Hellyer stringer system.  
Primary inclusions in quartz and barite yielded homogenisation temperatures of 170-220°C in early 
2A veins, 165-322°C in main-stage 2B veins, and 190-256°C in late-stage 2C veins.  The fluid inclusion 
data suggest a waxing and waning thermal history for the formation of the Hellyer deposit.  
Chalcopyrite-bearing primary fluid inclusions recognised in the base metal-rich stage 2B veins and are 
considered to be consistent with the higher homogenisation temperatures. 
 
Salinity values in the hydrothermal fluids do not appear to have changed dramatically 
throughout the Hellyer stringer hydrothermal process (Zaw et al., 1996).  The average salinity in all 
Stage 2 veins is between 8-11 NaCI equiv. wt%, with a slight decrease in salinity observed in the base 
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metal-rich stage 2B vein.  The high salinities of the fluid inclusions provide support for ore formation 
from venting solutions that reversed buoyancy on quenching by seawater (Zaw et al., 1996; Solomon 
and Zaw, 1997).  
 
 
3.4.1.6 Models for the Hellyer Deposit  
 
The Hellyer massive sulfide deposit has been interpreted by a number of previous workers as 
a classic, seafloor, mound-style, VHMS deposit that formed in mound refining processes similar to 
the Kuroko deposit (Gemmell and Large, 1992; Large, 1992; McArthur, 1996).  Gemmell and Large 
(1992) described the hydrothermal alteration zonation pattern that centred within the stringer zone 
and used the metal zonation of the deposit to identify main feeder zones.  McArthur (1996) 
examined the metal content, mineralogy, macroscopic and microscopic textures, and mineral trace 
element composition of the massive sulfide deposit in detail and supported formation of the sulfide 
mound by deposition of sulfides at or near the seafloor with in-situ recrystallisation, intra-mound 
veining, upward deposition and thermal retraction.  This mound building and zone refining process, 
as described by Eldridge et al. (1983), is responsible for the Cu-rich base of the deposit with an 
upward and outward increase in Zn and Pb content. 
 
An alternative model for the formation of the massive sulfide deposit has been proposed by 
Solomon and Zaw (1997) in which the sulfides precipitated within a brine pool that ponded with a 
seafloor depression.  The high salinity in the first and last stage veins (2A and 2C; Zaw et al. 1996) 
represented the hot saline solutions that mixed with less dense seawater and produced a negatively 
buoyant fluid within the basin.  Sedimentation of quenched sulfides in the brine pool would have 
produced sulfide banding and the formation of framboidal pyrite and other primitive sulfide textures 
observed at Hellyer (Solomon and Gaspar, 2001).   
 
 
 
3.4.2 Fossey Deposit 
 
The Fossey deposit is located about 100 m south of the Hellyer polymetallic massive sulfide 
deposit.  It comprises a complicated, irregular, stratiform zone of baritic±glassy silica-pyrite 
mineralisation with areas of high-grade base metal sulfides (Denwer et al., 2009).   Mineralisation 
occurs at the same stratigraphic position as the Hellyer orebody, below the Hellyer basalt and above 
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the footwall andesite.  Compared to the larger, pyrite-dominant Hellyer orebody, the Fossey deposit 
is interpreted to be a lower temperature barite dominant deposit (Denwer et al., 2009).  The Fossey 
East deposit was defined in 2011 when massive barite and massive sulfides were intersected below 
the Fossey deposit in the traditional Hellyer footwall position.  The Fossey and Fossey East deposits 
had a combined pre-mining resource of 740 kt at 0.5% Cu, 6.8%Pb, 12.4% Zn, 121 g/t Ag, 2.4 g/t Au 
(Bass Metals, 2011).  Because the Fossey and Fossey East deposits are relatively recent discoveries, 
only limited research and documentation have been conducted by company geologists.  The 
following description of the Fossey deposit is largely summarised from Denwer et al. (2009). 
 
Unlike the Hellyer and Que River deposits which strikes NNE, the Fossey deposit strikes NNW 
and has the broad cross sectional form of a downward tapering wedge to tightly folded lens.  The 
deposit has a strike length of 180 m, width up to 90 m and thickness up to 80 m.  The deposit can be 
separated into four distinct zones: massive barite zone, base metal sulfide zone, footwall alteration 
zone and glassy silica pyrite zone. 
 
The massive barite zone comprises the massive barite body that dominates in the 
stratigraphically higher area and also locally underlying the sulfide orebody.  Textures of the massive 
barite zone are highly variable, ranging from fine- to coarse-grained, anhedral to euhedral crystals, 
and massive to strongly foliated.  Crustiform veins up to several centimetres thick of alternating 
bands of barite, silica and pyrite are also present.  Massive barite is commonly cross-cut by pyrite-
quartz veins and contains irregular patches and wisps of silica and sericite.  Interbeds of fine ash and 
strongly altered fine to coarse volcaniclastic material are present in some areas within the barite 
zone and may indicate that the barite has locally replaced altered porous volcaniclastic rocks by sub-
seafloor replacement.  Mineralisation within the barite zone is limited to minor pale low-Fe 
sphalerite and galena disseminations and aggregates.   
 
Underlying the massive barite zone is a banded to massive, fine- to coarse-grained base 
metal sulfide zone.  It varies from a few centimetres thick at the margins of the sulfide body to 
around 50 m wide in the central parts of the deposit.  The contact between the base metal sulfide 
and the upper barite zone is gradational.  Sulfide mineralogy is dominated by sphalerite, galena, 
pyrite and minor chalcopyrite, with varying proportions of barite gangue. Barite gangue occurs as 
interlaminated material between base metal sulfide bands and as overprinting masses and veins.  
Compositional banding in higher grade mineralisation is often crosscut by massive barite, indicating 
barite has locally overprinted or replaced earlier massive sulfide mineralisation. 
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The footwall zone of the deposit does not have a well developed stringer.  Where present 
this zone is usually only a few metres thick.  Locally, it is up to 25 m in thickness beneath the sulfide 
body.  It occurs within intensely sericite-silica ± chlorite altered footwall rocks and is dominated by 
pyrite mineralisation with variable amounts of base metal sulfides.  The mineralisation appears to 
represent a feeder- or replacement-like footwall mineralisation underlying the Fossey body.  Base 
metal±barite stringer veins are also present in the first few metres of the footwall beneath the base 
metal sulfide zone. 
 
The glassy silica pyrite zone is a minor zone that contains strongly siliceous and pyritic 
mineralisation on the western upper limit of the deposit. This unit contains 2-10 g/t Au and is 
considered to be analogous to the glassy silica pyrite (GSP) mineralisation at the Hellyer deposit. 
 
Footwall alteration of the Fossey deposit is essentially a southern extension of the Hellyer 
footwall alteration zone.  The intensity of alteration is lower than the immediate Hellyer footwall but 
the andesitic rocks are strongly altered by sericite, silica, and pyrite.  Chlorite is generally a minor 
alteration mineral, but it is closely associated with stringer and disseminated footwall mineralisation 
in the northern parts of the deposit. 
 
 
3.4.3 Que River Deposit 
 
Que River is a high grade polymetallic VHMS deposit and is located approximately 3 km 
south-southwest of Hellyer.  The deposit consists of a series of sub-vertical lenses (Figure 3.11) and 
had a pre-mining resource of 2.6 Mt at 7.4% Pb, 12.9% Zn, 0.4% Cu, 204 g/t Ag and 3.5 g/t Au (Large 
et al., 1988). 
 
The local geology of the Que Rive Mine is dominated by dacite, andesitic, and basaltic lava 
breccias, coherent lavas and shallow intrusions.  Primary textures and mineralogy of the host rocks 
are often obscured by hydrothermal alteration and the classification of primary rock type generally 
requires the use of trace element chemistry.  Primary ratios of immobile elements such as Ti/Zr and 
Nb/Y are commonly used but it has been suggested that the Que River rocks are abnormally depleted 
in Ti (Whitford et al., 1989). 
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Figure 3.11: Surface geology of the Que River mine area with surface projections of the 
PQ, P North, QR 32, N and S lenses (Bass Metals Ltd., 2006). 
 
The lowest stratigraphic unit is a dark green, locally vesicular basalt which outcrops to the 
east and south of the mine and is correlated with the lower basalt (McArthur and Dronseika, 1990).  
This basalt is overlain by andesitic lava and volcaniclastic rocks.  In some areas, massive andesite lava 
is strongly altered to the extent that it superficially resembles the massive dacite higher in the 
stratigraphy.  The mineralogy of the volcaniclastic rock is similar to that of the andesite lavas.   The 
volcaniclastic rocks contain lapilli-sized angular to sub-rounded matrix supported fragments.  In 
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underground exposures fragmental textures commonly grade into massive textures with decreasing 
hydrothermal alteration (McArthur and Dronseika, 1990).   
 
Interbedded with the andesitic volcaniclastic rocks and stratigraphically adjacent to the 
massive base metal sulfide lenses are a sequence of polymict volcaniclastic rocks (McArthur and 
Dronseika, 1990).  These polymict rocks contain rounded to sub-rounded silt to rare boulder sized 
fragments.  Composition of the fragments is variable including altered andesite and basalt, chert and 
massive sulfide.  The clasts are poorly sorted, graded locally and are inferred to be redeposited, likely 
representing a period of sedimentation and a hiatus in volcanic activity (McArthur and Dronseika, 
1990).  The sulfide bodies occur towards the top of this andesitic sequence and are locally covered by 
a distinctive fuchsite-bearing polymict volcaniclastic unit.  Both matrix and basalt clasts show various 
degrees of fuchsite-ankerite-pyrite alteration (Offler et al., 1987).   
 
The polymict volcaniclastic rocks are overlain by dacitic rocks, which represent the youngest 
rock type in the mine sequence (McArthur and Dronseika, 1990).  The unit is generally massive with 
flow banding observed locally and breccia textures towards the margins of the dacite.   Two suites of 
coherent dacite were recognised by Young (1980).  The non-porphyritic dacite is fine-grained with 
flow banding and sparse sericitised feldspars in a spherulitic groundmass.  The porphyritic dacite has 
1.0-2.0 mm quartz-sericite pseudomorphs of feldspar phenocrysts in a partially spherulitic and 
quartz-sericite (minor chlorite) altered groundmass.  The polymict units and the dacite are 
collectively regarded as the mixed sequence. 
 
Deformation during the Devonian has produced a major synclinal axis that passes through 
the Que River deposit.  Metal zoning and structural evidence provided by Large et al. (1988) show 
that four of the five lenses (PQ, P North, QR 32 and N) are within the same stratigraphic horizon, with 
the pyritic S lens occurring at a relatively low level. 
 
 
3.4.3.1 Que River Mineralisation 
 
The Que River deposit comprises five steeply dipping lenses known as PQ, P North, S, QR 32, 
and Nico.  All five lenses strike NNE and together they cover an approximate strike length of 800 m. 
The PQ lens is the principal lead-zinc-Ag-Au lens with a strike length greater than 400 m and a width 
of 10 to 35 m.  It lies on the eastern and lower flank of the central dacite.  The smaller P North lens 
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lies adjacent to and on the western side of PQ lens.  The two lenses are interpreted to be part of a 
single massive sulfide body and that tight-isoclinal folding lead to the current configuration (Large et 
al., 1988).  The QR 32 and Nico lenses are two smaller orebodies that lie on the flanks of the western 
dacite (McArthur and Dronseika, 1990).  They have average widths of 4 m and 3 m, respectively. 
 
The sulfide mineralogy of the massive mineralisation is dominated by sphalerite, galena, 
pyrite, chalcopyrite,  minor tetrahedrite and arsenopyrite (McArthur and Dronseika, 1990).  Common 
non-sulfide gangue minerals are carbonate, quartz, sericite, chlorite, and barite.  Fine to coarse 
compositional banding observed in ore is generally parallel to cleavage, but fine compositional 
layering at high angles to cleavage may represent primary banding (McArthur and Dronseika, 1990).  
The Que River mineralisation is interpreted to be largely exhalative as indicated by the presence of 
resedimented massive sulfide fragments in the overlying mass flow unit of the mixed sequence 
(Waters, 1995).   
 
The distribution of copper, lead, and zinc within the main PQ lens was used to provide 
evidence for stratigraphic younging direction.  Gold grades of 5-30 ppm are concentrated towards 
the interpreted stratigraphic top of the folded lens and elevated copper grades of (>0.5%) occur at 
the interpreted base of the lenses over a zone of massive pyrite (Large et al., 1988).  The zonation 
pattern is similar to that of Rosebery, Hellyer and other volcanogenic massive sulfide deposits (Large, 
1977). 
 
Compared to PQ and P North lenses, the S lens is a relatively small and low grade ore lens 
with an average thickness of 5 m over a length of 200 m.  It is hosted within a thick succession of 
andesitic volcaniclastic rocks that is footwall to the main ore lenses.  The S lens mineralisation is 
dominated by stringer sulfides, minor disseminated sulfides and very minor massive sulfides 
overprinted by strong pyrite veining (McArthur and Dronseika, 1990).   Compared with the other 
lenses, the S lens is more copper rich with lower gold, silver, and lead grades.  The copper 
mineralisation (>3 % Cu) is concentrated in the southern part of the lens at depth, while lead and zinc 
increase towards the north and top of the lens (Gardner, 1986).  Very low grade gold mineralisation 
exists at the very top of the lens.  The metal zonation and sulfide textures suggest that hydrothermal 
solutions originated from the southern area (Gardner, 1986).  The disseminated, low grade 
mineralisation and the abundance of veins and stringers across the lens leads to the conclusion that 
the deposition of volcaniclastic rocks continued during the formation of sulfides on the seafloor and 
that hydrothermal activity in the S lens area continued after the deposit was buried (Gardner, 1986). 
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The massive sulfide mineralisation is surrounded by an extensive zone of low grade stringer 
vein and disseminated mineralisation (McGoldrick and Large, 1992).  The stringer zone formed during 
hydrothermal alteration of andesitic lavas and related volcaniclastic rocks in the stratigraphic 
footwall.  In comparison to the much larger Hellyer deposit, Que River has a relatively extensive 
stringer zone for a massive sulfide body of its size.  Zonation within the stringer zone includes a 
copper-bearing core beneath the central part of the massive sulfide ore with a lead-zinc-bearing 
stringer mineralisation which grades into a distal Pb-Zn-Ag-Au-As-Sb-Ba stringer zone (Large et al., 
1988).  Large et al. (1988) interpreted the copper-bearing pyrite-rich zone as the principal focus of 
ore fluid flow.  
 
 
3.4.3.2 Que River Alteration 
 
The hydrothermal alteration mineral assemblage is characterised by quartz-sericite-pyrite 
±chlorite±potassium feldspar.  The most intense alteration has been noted in the rocks between the 
PQ and S lenses (Offler and Whitford, 1992).  Less pervasive alteration by albite, ankerite or ferroan 
dolomite occurs more commonly in the dacites and andesites west of the PQ lens, below many of the 
mineralised zones, and in the areas north of the PQ and S lenses and west of the P North lens (Offler 
and Whitford, 1992).  Local elongate pods of chlorite-carbonate alteration with disseminated and 
stringer pyrite are also present on the western side of the ore lenses (Large et al., 1988). 
 
In the northern part of the footwall stringer zone, there is a gold enriched zone which is 
commonly characterised by the presence of irregularly shaped, cream coloured alteration patches 
(McGoldrick and Large, 1992).  In thin section, these pervasive alteration patches represent 
intergrowths of muscovite, fine-grained sphalerite and small amounts of pyrite.   Solid inclusion-rich 
potassium feldspar, absent elsewhere in the stringer, is also observed in the gold enriched zone.  This 
zone is interpreted to be the more distal part of the footwall alteration zone developed during 
formation of the main Que River massive sulfide deposit (McGoldrick and Large, 1992).   
 
Geochemically, the footwall alteration halo is marked by pronounced Na2O and some MgO 
and CaO depletion and K2O and SiO2 enrichment (McGoldrick and Large, 1992).  No significant 
remobilisation of Ti, Zr, Nb, and Y during hydrothermal alteration means that the trace element 
ratios can be used for primary rock identification of strongly altered units (Whitford et al., 1989). 
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3.4.3.3 Que River Alteration Mineral Chemistry 
 
 Metamorphic and hydrothermal white mica, chlorite and carbonate chemistry at Que River 
were studied by Offler et al. (1987) as well as Offler and Whitford (1992).  The studies find that the 
chemistry of the hydrothermal phases varies throughout the alteration halo, but not systematically 
with distance to mineralisation. There is apparent Fe enrichment of hydrothermal phases and Mg 
enrichment in the locally developed chlorite-carbonate altered rocks.  Sodium and caledonite in 
white mica and Ca in carbonate decrease with increasing alteration intensity. 
 
 
3.4.3.4 Que River Sulfur Isotope Study 
 
 Sulfur isotope data from barite and sulfide samples were collected by McGoldrick and Large  
(1992).  Sulfides from the massive ores have a narrow range of δ34S values (5.3-8.9‰), while sulfides 
from the normal stringer zone and the gold-rich stringer zone are 6.0-11.7‰ and 7.8-17.0‰.  The 
δ34S values from the massive sulfides are considered to be closest to the primary ore fluid 
composition, with increasing seawater sulfur added to the ore fluid in the stringer zone to the more 
distal gold-rich stronger zone (McGoldrick and Large, 1992). 
 
 
3.4.3.5 Que River Fluid Inclusion Study 
 
 Hydrothermal ankerite and quartz fluid inclusions from the PQ lens and the footwall were 
analysed by Offler and Whitford (1992).  Primary and secondary fluid inclusions from the footwall 
samples yield temperatures of 220-310°C and 120-200°C, respectively.  Primary inclusions from a 
chalcopyrite-pyrite zone homogenised at a much higher temperature (237-393°C) but no inclusion 
data could be obtained from the Pb-Zn zone.  None of the fluid inclusions were suitable for salinity 
estimations. 
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3.4.4 Mount Charter Deposit 
 
 The Mount Charter deposit is located approximately 3 km south-southwest of the Que River 
deposit.  The deposit occurs near the intersection between the NNE trending high strain zone (a 
possibly reactivated Cambrian fault) and the ENE striking Barite Creek Fault (Denwer et al., 2009; see 
Chapter 4, Figure 4.2).  The mineralisation is characterised by a network of Au-Ag-rich barite veins 
and breccias that occur predominantly within the dacitic units and volcaniclastic rocks of the mixed 
sequence.  The deposit contains 6.1 Mt of ore grading 1.2 g/t Au and 36 g/t Ag (Bass Metals Ltd., 
2011).  The host rocks are moderately to strongly quartz-sericite-pyrite altered and the 
mineralisation does not have a distinct footwall alteration and stringer zone such as those at the 
Fossey, Hellyer, and Que River deposits.   
 
At Mount Charter, the mixed sequence is about 350 m thick, making it the thickest 
accumulation in the Que-Hellyer district (Denwer et al., 2009).  It comprises a basal epiclastic interval 
overlain by a massive felsic lava body, with minor breccia intercalations, overlain locally by a massive 
barite-pyrite body (Corbett and Komyshan, 1989).  The clastic unit at the base of the mixed sequence 
contain clasts of sericitised dacite, unaltered basalt, and micaceous greywacke.  Volcaniclastic units 
occurring within the large dome-like mass of dacite are composed essentially of dacite clasts, and 
tend to be thin (less than 10 m across) and limited in extent (Corbett and Komyshan, 1989). 
 
The mineralised vein package is broadly defined by drilling as a NNE trending corridor with a 
similar, but smaller subordinate vein package to the west (Denwer et al., 2009).  Overall, the vein 
package has a sub-vertical dip and individual veins trend NNW.  Drilling has delineated a mineralised 
zone about 50-70 m wide over a strike of 250 m (Denwer et al., 2009).  Mineralisation consists of 
barite and pyrite in veins and disseminations.  Ore minerals include pyrite, sphalerite, tennantite, 
galena and minor chalcopyrite (Rand, 1988).  Trace minerals such as gold, electrum, tetrahedrite and 
proustite, are also present.  Three main vein categories were recognised at Mount Charter by 
Denwer et al. (2009): early pyritic stringer veins, mineralised barite-sulfide veins and late cross-
cutting quartz-dominant veins .  Barite-sphalerite-galena veins cross-cut earlier pyritic stringers and 
in some cases, sphalerite and galena occur at the intersection of barite-dominant and early pyrite 
veins.  Late quartz-dominated veins are flat-lying extensional veins that are often fibrous and vuggy.  
These veins are interpreted to be Devonian veins and the minor coarse galena and sphalerite 
observed is likely the result of remobilisation of pre-existing mineralisation (Denwer et al., 2009). 
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The footwall to the Mount Charter mineralisation is composed of rhyodacite to dacitic lavas, 
lava breccias and volcaniclastic rocks and hanging wall rocks are largely andesitic lavas and lava 
breccias (Rand, 1988).  Hydrothermal alteration effects on the volcanic rocks are variable.  Strong 
sericite-silica-pyrite alteration occurs in a central core beneath the barite outcrop, surrounded by 
carbonate and chlorite alteration.  The rhyodacites and dacites are altered by pervasive weak to 
moderate sericite-pyrite alteration (Rand, 1988). 
 
Sulfur isotope studies by Rand (1988) on sulfides and sulfates show that the minerals 
precipitated from a hydrothermal fluid with significant seawater component.   Most of the minerals 
from outside and within the vein package have similar δ34S values, suggesting the hydrothermal 
fluids affected a large area within the host rocks (Rand, 1988). 
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Chapter 4 – Lithology, Alteration and Mineralisation of the Mount 
Charter, Fossey, and Fossey East Deposits 
 
4.0 Introduction  
 
The Mount Charter deposit is located about 3 km south-southwest of Que River.  
Mineralisation at Mount Charter is hosted entirely within the mixed sequence, which is dominated by 
dacitic and volcaniclastic rocks.  It has a resource of 6.1 Mt at 1.2 g/t Au and 36 g/t Ag (Bass Metals 
Ltd., 2011).  The Fossey deposit is located approximately 100 m southwest of the Hellyer deposit.  It 
also occurs within the mixed sequence and shares many similarities with the Hellyer deposit.   The 
Fossey East deposit, located in the conventional footwall of the QHV deposits, is less than 50 m 
below and east of the Fossey deposit.  Together the Fossey and Fossey East deposits form a pre-
mining resource of 740 kt at 0.5% Cu, 6.8% Pb, 12.4% Zn, 121 g/t Ag, 2.4 g/t Au (Bass Metals, 2011).  
Due to the lack of outcrop and the subsurface nature of the deposits, most of this study is reliant on 
drill core logging and geochemical samples and spectral measurements taken from drill core.   
 
This chapter focusses on the observations made on the Mount Charter, Fossey, and Fossey 
East deposits in regards to the host rock composition and texture, alteration mineralogy and styles of 
mineralisation.  Whole-rock geochemistry is used to support the lithological and alteration 
boundaries in the cross-sections but is not discussed in detail until Chapter 5. 
 
 
4.1 Methods 
4.1.1 Geochemical Sampling  
 
Prior to the start the of this thesis project, Bass Metals has completed a regional geochemical 
sampling program which included the sampling of new and existing historic drill core from Hellyer to 
Mount Charter (Figure 4.1).  Exploration drill holes that are outside the main Hellyer to Mount 
Charter corridor were also sampled.   This dataset contains 3550 samples from 193 drill holes and the 
data forms a large part of this study.  The sampling and analytical procedures are summarised in 
Appendix I.   The Fossey, Fossey East, and Mount Charter samples are used in this chapter to 
characterise the alteration zonation patterns around the deposits.  A larger database, compiled for 
Chapter 5 (Whole-rock Geochemistry), will discuss the geochemistry of the Que-Hellyer district in 
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greater detail.  Mass balance calculations, performed the Fossey and Fossey East alteration zones are 
also included in Chapter 5. 
 
 
Figure 4.1: Simplified geological map of the Que-Hellyer district with locations of the geochemical 
samples in the Que-Hellyer area (modified from Gemmell and Fulton, 2001).  Samples from drill holes 
are closely spaced and often appear as thick lines instead of individual open circles. 
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In addition to geochemical samples that were collected by Bass Metals in 2009-2011, Mount 
Charter and Fossey rock samples were collected for this study during the re-logging of some new and 
historic drill core.  Geochemical samples that were taken from drill core are usually halved core 
samples (in un-mineralised zones) or quartered core samples (in mineralised zones).  The samples 
were analysed at Amdel Laboratories in South Australia.   Jaw crushed and milled samples were fused 
with lithium metaborate and then digested in nitric acid before submission to an ICP-OES for the 
determination of SiO2, TiO2, Al2O3, Fe2O3, MgO, MnO, CaO, K2O, Na2O, P2O5, Cr, Sc, and V 
concentrations.  The trace elements Ba, Be, Bi, Ce, Co, Cs, Ga, Hf, In, La, Mo, Nb, Rb, Sb, Sn, Sr, Ta, Te, 
Th, U, W, Y, Zr, and rare earth elements Dy, Er, Eu Gd, Ho, Lu, Nd, Pr, Sm, Tb, Tm and Yb were 
determine by ICP-MS.  Mixed acid digestion was used for Ag, As, Cu, Ni, Pb and Zn contents by ICP-
OES and Tl by ICP-MS.  Details on sample preparation, analytical methods, detection levels, and 
QAQC (quality assurance and quality control) procedures are available in Appendix I.   Carbon and 
sulfur analyses were carried out with an Eltra Elemental Analyser at the University of Tasmania.  
Whole-rock data for the 69 samples analysed for this study are located in Appendix II. 
 
 
4.1.2 Graphic Logging and Vein Logging 
 
The purpose of re-logging the Mount Charter, Fossey and Fossey East drill holes using the 
graphic logging technique is to document the textural variations in lithologies, contact relationships 
and alteration mineralogy.   The strong hydrothermal alteration that surrounds the massive barite 
and sulfide bodies often obscures original rock textures and it is important to understand the host 
rock characteristics that potentially affect the style of mineralisation.   
 
The graphic logging technique used in this study is described in McPhie et al. (1993).  The 
graphic logs contain five columns for recording the depth, grain size, structure, alteration, and a 
written description of the rock units.  The alteration column is not commonly used in volcanic facies 
interpretation, but it has been added for the purpose of this study to record the variation in 
alteration mineralogy by colour and intensity by line styles.  Scanned copies of the Fossey and Fossey 
East drill logs are available in Appendix III along with a colour legend for alteration and mineralisation 
minerals.   
 
 At Mount Charter, vein logs were also produced to record the mineralogy and crosscutting 
relationships of the veins present.  These vein logs are available in Appendix IV.  The graphic logs and 
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the vein logs were used in conjunction with thin sections and geochemistry to define the lithology 
and alteration contacts on the cross sections. 
 
 
4.1.3 K-Feldspar Staining 
 
 A selection of samples was subject to K-feldspar staining to identify the presence of K-
feldspar.   The technique is outlined and referenced in Bailey and Stevens (1960), although the 
plagioclase staining process was not used for these samples.  Half of each sample was etched by 
hydrofluoric acid for roughly 3 minutes and thoroughly rinsed in tap water.  The samples are 
completely dried before they are covered with a solution of sodium colbaltinitrate using a 
paintbrush.  After 1-2 minutes, the samples are rinsed in tap water again and allowed to air dry.  
Potassium feldspar takes a bright yellow stain, although white mica and clay minerals can also absorb 
the stain (Deer et al., 2001).  In fact, the same staining agent is used for distinguishing muscovite 
from paragonite, but the stain is inhibited in the proximity of K-feldspar (Fleet, 2003). 
 
 A number of samples originated from drill holes that were drilled more than 20 years ago 
and are often stained by iron oxides due to the presence of sulfide minerals.  Iron stained samples 
are polished on a polish wheel to remove as much iron staining as possible.  Quartz and feldspar 
altered samples are extremely tough to polish down and minor staining is sometimes unavoidable 
when the surfaces are roughly cut by core saws previously.  However, any remaining iron oxide 
should be completely removed by the hydrofluoric acid wash, giving a true positive yellow stain for K-
feldspar.   
 
 
4.2 Geology of the Mount Charter Deposit 
 
The Mount Charter deposit is the southernmost deposit on the Hellyer to Mount Charter 
corridor.  Mineralisation occurs near the intersection of the Barite Creek fault and a high strain zone, 
both of which have been interpreted to be active during the Cambrian volcanism (Denwer et al., 
2014).  Five drill holes that intersected mineralisation were re-logged at Mount Charter using the 
graphic logging technique and four of these drill holes are located on the Mount Charter cross 
section (Figure 4.2).  The graphic logs are provided in Appendix III. 
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Alteration is strong in the rocks around the deposit.  In some areas, the rocks are so severely 
altered that their original composition is uncertain.  Whole-rock Ti/Zr ratios are commonly used in 
these instances as a proxy for the degree of fractionation (i.e., SiO2 content; Crawford et al., 1992).  
There are some overlaps between rock types, but dacites typically have Ti/Zr ratios between 15 and 
23, andesitic rocks between 20 and 40, and basaltic rocks between 30 and 60 (see Chapter 5).  
Whole-rock Ti/Zr ratios are used in a number of lithogeochemical studies in altered volcanic rocks 
(e.g., Maclean and Barett, 1993; Gifkins et al., 2005) and their use are explained and discussed in 
detail in Chapter 5. 
 
 
 
Figure 4.2: Simplified geological map of the Mount Charter deposit showing the cross section 
location on mine grid 4690 N (Denwer et al., 2009).  Labelled drill holes have been re-logged for 
this study.  The green unit labelled “Hellyer Basalt” is a predominantly andesitic lava breccia 
that belongs to the upper basalt and andesite sequence overlying the mixed sequence.  Gold 
contours represent a slice of the block model at 800 m RL.   
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4.2.1 Mount Charter Lithologies 
 
The lithologies around the Mount Charter deposit are generally dominated by more felsic 
rock units compared to the other deposits in the Que-Hellyer district.  The upper basalt and andesite 
sequence that overlies the mixed sequence outcrops at the western end of the deposit and are 
intersected by three drill holes in Figure 4.3.  Although this unit was not sampled in this study, its 
andesitic composition has been documented in other studies such as Rand (1988) and Corbett and 
Komyshan (1989).  Beneath this andesitic unit, is a thick (>300 m) sequence of dacite to rhyodacite 
that occurs as lavas and monomict breccias.   Coherent sections of lavas are massive and weakly 
porphyritic with 3-10% ~0.5 mm feldspar phenocrysts and 0.1-0.2 mm quartz phenocrysts that are 
only observed in thin sections.  Amygdales with quartz, carbonate, and sometimes chlorite are 
common and are locally elongated and aligned, presumably in the local direction of flow (Figure 
4.4A).  The transition between dacitic and rhyodacitic rocks is not well defined and these rocks are 
collectively referred to as dacites for simplicity.  Breccia zones within the dacitic unit are very 
common and the breccia clasts vary from angular in-situ angular to sub-angular with variable 
amounts of matrix (Figure 4.4B).  Some breccias are hydrothermal while others are sedimentary with 
a strongly altered volcaniclastic matrix. 
 
Minor intervals of polymict breccia and fine volcaniclastic rocks occur within the dacitic unit.  
Clasts are angular to sub-angular and are dominated by dacitic compositions with variable K-feldspar 
and quartz alteration and other unknown rock types (Figure 4.4C). The matrix is generally composed 
of fine to coarse sand-sized volcaniclastic rocks and small intervals (<0.5 to 1.5 m) of these fine 
volcaniclastic rocks are sometimes present amongst local breccia sections of the dacite. 
 
__________________________Chapter 4: The Mount Charter, Fossey & Fossey East Deposits 
 
77 
 
 
Figure 4.3: Schematic cross section of the lithology and mineralisation at Mount Charter on mine 
grid section 4690N, looking north.   Drill holes that are in brackets have not been re-logged for this 
thesis. 
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Figure 4.4: A) Strongly altered coherent dacite with chlorite-sericite-pyrite replaced phenocrysts and 
amygdales (MCD27-365021 at 11.6 m); B) Dacite breccia with in-situ clasts and some sub-angular 
clasts supported in a pyrite-barite-galena-sphalerite matrix (MCD26-02 at 14.4 m); C) Polymictic 
breccia with variable altered clasts (MCD33-07 at 64.1 m). 
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4.2.2 Mount Charter Mineralisation 
 
The mineralisation at Mount Charter is characterised by a network of Au-Ag-rich barite veins 
and breccias that occur predominantly within the dacitic units and volcaniclastic rocks.  Base metals 
sulfides such as sphalerite, galena and tennantite are common but are not present in an 
economically significant amount to form a resource.  Style of mineralisation is highly variable and 
ranges from poddy/weakly disseminated to space infill and replacement of breccia matrix to locally 
massive banded barite mineralisation.  
 
 Mineralisation occurs in strongly altered rocks that are also heavily veined.  Thin stringer 
veins (max 1 mm thick) of pyrite-quartz and barite-quartz±sulfides are common and they lead to 
poddy sulfide mineralisation in some coherent parts of the dacitic unit (Figure 4.5A).  Locally the base 
metal sulfides are also weakly disseminated with some concentrations in and around amygdales and 
phenocrysts.  The pyrite- and barite-dominant stringer veins are largely syngenetic and have 
reciprocal crosscutting relationships (the thinner veins in Figure 4.5B).  The barite-quartz±sulfide 
veins are wider in strongly mineralised areas and are overprinted by some pyrite stringers and 
relatively younger barite-quartz veins with variable blebby base metal sulfides (the thicker veins in 
Figure 4.5B).  Thick pyrite veins with variable quartz and barite also overprint existing barite-quartz-
sulfide-sericite veins (Figure 4.5C).   
 
 In the dacite breccia zones, crosscutting relationships are difficult to determine and 
mineralisation is variable.  Some breccias are strongly mineralised and the matrices have been 
completely replaced by barite-quartz-sulfides (Figure 4.6A).  Others are less mineralised and textures 
of the volcaniclastic matrix are more obvious albeit strongly altered (Figure 4.6B).   
  
 Local zones of massive barite mineralisation are present but rarely exceed 2 m.   Some are 
banded with large barite crystals (0.5-1.5 cm) that appear to have been deposited and somewhat 
stretched amongst the barite-quartz-rich bands (Figure 4.7A).   Contacts with are irregular and are 
generally marked by a sudden increase of barite mineralisation (Figure 4.7B).  The banding and 
anastomosing texture observed in barite-rich zones suggest that the weak barite-rich layers have also 
been affected by the Devonian deformation event, which also deformed the Hellyer orebody.   
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Figure 4.5: A) Strongly altered coherent dacite with thin pyrite-barite±quartz veinlets and poddy 
pyrite-galena-sphalerite mineralisation (MCD26-04 at 41.4 m); B) Altered dacite with pyrite and 
barite stockwork veining (MCD27-05 at 26.4 m).  Some barite-pyrite-base metal sulfide-sericite veins 
(left) are cut by pyrite stringers and a set of later and thicker barite-quartz veins with minor sulfides 
(the most dominant ones in the photo); C) Pyrite-quartz veins cutting earlier barite-quartz-sulfide-
sericite veins (MCD27-07 at 46.4 m). 
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Figure 4.6: A) Strongly mineralised breccia zone with a pyrite-barite-sphalerite(pale coloured)-galena-
rich matrix (MCD27-03 at 22.5 m); B) Dacite breccia with sub-angular clasts in a strongly K-feldspar-
quartz-sericite-pyrite altered volcaniclastic matrix (MC27-01 at 17.8 m).  Clasts have poddy barite-
pyrite-base metal sulfide and barite-sulfide stringers while the matrix contains similar poddy to 
stringy pyrite-sphalerite-galena mineralisation.  
 
 
 
Figure 4.7: A) Thin (60 cm) zone of massive banded barite-quartz-pyrite-base metal sulfides with large 
0.5-1.5 cm barite crystals (MCD26-06 at 50.9 m);  B) Contact of a small (2 m) massive barite zone with 
dacite breccia (MCD27-06 at 30.6 m)    
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4.2.3 Mount Charter Alteration 
 
Alteration around the Mount Charter mineralisation is moderate to strong and is 
characterised by K-feldspar-quartz-sericite-pyrite and quartz-sericite-K-feldspar-pyrite alteration 
assemblages (Figure 4.8).  The strongest mineralisation is hosted in the K-feldspar-quartz-sericite-
pyrite altered rocks (Figure 4.9) while lesser mineralisation is found in the quartz-sericite-K-feldspar-
pyrite alteration zone (Figure 4.10) further down in the sequence.  The distinction between these 
two alteration assemblages relies heavily on geochemical analyses and K-feldspar staining to 
determine the presence and relative abundance of K-feldspar.   The pervasive K-feldspar alteration 
can be mistaken as strong quartz alteration in the field.  Graphic logs, hand samples, thin section 
petrography, geochemistry, SWIR data and K-feldspar staining were all used to define these 
alteration zones. 
 
The high strain zone described by Denwer et al. (2014) is marked by intervals of foliated 
rocks that are strongly altered by sericite-pyrite-quartz (Figure 4.11).  Pyrite mineralisation is 
particularly strong at the bottom of MCD27 with finely disseminated pyrite occurring as pyrite-rich 
bands amongst more sericite-rich layers.  Although most of the original rock textures are obliterated 
by the strong alteration and fabric, these rocks have Ti/Zr ratios that are between 16.7 and 18.8, 
similar to the dacites west of the foliated rocks (17.1-20.0).  While the Ti/Zr ratios suggest that they 
are all similar dacitic rocks, it should be noted there are a number of dacite breccias with 
volcaniclastic matrices that may affect the overall whole-rock Ti/Zr values.   
 
Minor zones of chlorite-sericite alteration with domainal sericite-pyrite-quartz overprint 
were observed in MCD27 (Figure 4.12).  The dark coloured chlorite patches have been analysed using 
the electron microprobe and the alteration is characterised by a predominantly Mg-rich chlorite, with 
a Mg/(Mg+Fe) ratio of 0.63 (Chapter 6, Appendix VI).  Intense chlorite alteration has also been noted 
in MC3 by Rand (1988) and appears to have been overprinted by either a K-feldspar- or quartz-
dominant alteration. 
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Figure 4.8: Schematic cross section of the alteration at Mount Charter on mine grid section 4690N, 
looking north.   Drill holes that are in brackets have not been re-logged for this thesis. 
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Figure 4.9A: Strong K-feldspar-quartz-sericite-
pyrite alteration in a coherent dacite unit 
(MCD26-365036 at 77.2 m).   Minor barite-
calcite-quartz-pyrite veining. 
 
Figure 4.9B: K-feldspar staining shows an 
abundance of K-feldspar in the sample. 
 
Figure 4.9C: Partially sericite altered feldspar 
phenocrysts and quartz filled vesicles are visible 
in a strongly K-feldspar-quartz-sericite-pyrite 
altered groundmass.  Image is 1900 μm wide, 
taken under cross polarised light. 
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Figure 4.10A: Strong quartz-sericite-K-feldspar-pyrite alteration overprinted existing sericite-
chlorite(?) alteration in a dacite breccia (MCD26-14 at 99.6 m)  
  
Figure 4.10B: A mosaic of pervasive quartz-K-
feldspar alteration with patches of sericite.  
Image is 1900 μm wide, taken under cross 
polarised light. 
Figure 4.10C: The distribution of sericite is more 
obvious as dark patches amongst the brighter 
quartz-K-feldspar masses and the even brighter 
pyrite disseminations under reflected light.  
Image width is 1900 μm. 
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Figure 4.11A: Strongly foliated sericite-pyrite-quartz altered unit (MCD26-12at 80.7 m). 
  
Figure 4.11B: The foliation fabric is defined by 
bands of sericite-pyrite-quartz around clusters of 
quartz-K-feldspar with patches of sericite.  Image 
is 1900 μm wide, taken under cross polarised 
light. 
Figure 4.11C: The distribution of sericite is shown 
as the dark patches with the brighter aggregates 
representing quartz-K-feldspar masses and even 
brighter spots as pyrite disseminations.  Image is 
1900 μm wide, taken under reflected light. 
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Figure 4.12A: Dark Mg-rich chlorite alteration overprinted by quartz-sericite alteration (MCD27-
365026 at 74.4 m). 
  
Figure 4.12B: Sericite altered feldspar crystals or 
phenocrysts located within the chlorite-rich 
domain (upper right).  The overprinting alteration 
is quartz-sericite-rich (lower left).  Image is 1900 
μm wide, taken under cross polarised light. 
Figure 4.12C: The change from chlorite-sericite-
pyrite to quartz-sericite alteration domains are 
more obvious under reflected light.  Image width 
is 1900 μm. 
 
 
 
4.2.4 Discussion 
 
The distribution of the barite and pyrite±base metal sulfide mineralisation at Mount Charter 
is irregular and difficult to model at the current drilling density.  The extent of their deposition is not 
well constrained and no significant intervals of massive sulfides have been intercepted.  Narrow 
zones of massive barite may simply be localised zones of barite mineralisation within the dacite 
breccias, or resedimented barite from a collapsed white smoker at the bottom of the seafloor.  This is 
further complicated by barite-quartz-sulfide veining.  Not all breccias are volcanogenic sedimentary; 
some may be hydrothermal but the nature of fragmentation is not always clear. 
 
Most of the mineralisation styles observed at Mount Charter suggest a sub-seafloor 
mineralisation style in which rising hydrothermal fluids affect an existing volcanic pile composed 
primarily of dacitic lavas and breccias.  Irregular and localised zones of mineralisation may imply a 
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strongly fracture or permeability controlled system in which the mineralising fluids preferentially 
take advantage of the porosity in the clastic sections of the dacite package.  
 
Pervasive, moderate to strong K-feldspar alteration in the upper 100-150 m of the dacitic 
rocks suggests that the system was stable at lower temperatures less than 150°C (Galley, 1995).   
Adularia is a low temperature K-feldspar and adularia-sericite alteration is generally associated with 
low sulfidation epithermal deposits that are formed from reduced, near neutral pH fluids (Heald et 
al., 1987; White and Hedenquist, 1995).  Some examples of adularia-sericite type of alteration in 
transitional, VMS-epithermal deposits that occur in shallow water environments have been 
suggested by Gibson et al. (1999).  The scope of this study does not include facies architecture or 
fluid inclusions to determine water depth at Mount Charter, but it is important to note the presence 
of secondary K-feldspar alteration, which indicates low temperature, near-neutral pH hydrothermal 
fluids.  Sub-seafloor mixing of seawater and rising hydrothermal fluids within the volcaniclastic pile 
may be the cause for the pervasive K-feldspar alteration observed at Mount Charter.  The more 
diffused discharge of hydrothermal fluids through these mixing zones result in lack of alteration 
zonation developed around the mineralised zones.   
 
 
4.3 Geology of the Fossey Deposit 
 
 The Fossey deposit is located approximately 100 m southeast of the Hellyer deposit and is 
largely oriented north-south.  It occurs entirely on the west side of the Jack fault, which roughly 
bisects and offsets the Hellyer deposit (Chapter 3).   Eleven drill holes were re-logged at Fossey to 
help characterise alteration associated with the barite and massive sulfide mineralisation.  The 
graphic logs are provided in Appendix III.  Nine of these drill holes are on the Fossey cross section is 
located at mine grid 10200 N (Figure 4.13). 
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4.3.1 Fossey Lithologies  
 
The Fossey deposit is located approximately 150 m below surface (Figure 4.14).  Most drill 
holes collar in the Hellyer basalt and go through a 125-200 m thick sequence of basaltic lava and 
associated breccias overlying the mixed sequence.   The Hellyer basalt at Fossey varies from fine- to 
medium-grained is and aphyric to porphyritic with small plagioclase and minor clinopyroxene 
phenocrysts.  Carbonate-quartz±chlorite±pyrite filled amygdales are ubiquitous in the coherent 
facies but the distribution is highly variable (Figure 4.15A).   Although the pillow lava facies is 
commonly described at Hellyer, it is not observed in any of the holes logged in this study.  Quartz and 
calcite veining are common within the basaltic rocks and local sections of breccia, which contain 
angular basalt clasts in a quartz-calcite matrix.  Fluidal “blobs” of metamorphosed shale within 
coherent basalt are often observed within 10 m from the contact with the underlying volcaniclastic 
rocks of the mixed sequence (4.15A).  These trapped sedimentary material in the Hellyer basalt and 
the intrusive nature of the unit have been discussed by Waters (1995) and Tomes (2011). 
 
Below the Hellyer basalt, the mixed sequence at Fossey varies between 10 to 20 m thick.  It is 
composed of fine to coarse sand-sized volcaniclastic rocks similar to the hanging wall volcaniclastic at 
Hellyer (Figure 4.15B).  Locally the unit also contains larger gravel-sized polymict clasts that are 
angular to sub-rounded (Figure 4.15C).  Some bedding features are preserved even though the unit is 
usually strongly altered and weathered to micas and clays.  A thin fine-grained, aphyric to weakly 
porphyritic dacite unit occurs within the volcaniclastic sequence.  Domainal alteration often gives the 
unit a banded appearance which may be a result of flow banding.   The distribution of the dacitic unit 
is not well constrained but it occurs regularly within the hanging wall volcaniclastic succession and it 
occurs as coherent dacite bodies, and also peperites and redeposited dacitic clasts within the fine 
clastic rocks.  Massive to semi-massive barite mineralisation occurs around the lower contact of the 
fine volcaniclastic rocks and extends into a thicker succession of gravel to cobble-sized polymict 
breccia below.  Clasts are sub-rounded to sub-angular and are composed of feldspar-phyric andesites 
(similar to the footwall unit), light and dark coloured clasts of silicified, flow-banded andesitic to 
dacitic feldspar-phyric clasts, and other unidentifiable rock types. This polymict breccia is well 
defined on the eastern side of the barite zone but the lower contact with the feldspar-phyric 
sequence within and west of the barite body is obscured by the massive barite and sulfide 
mineralisation.  
 
The Fossey footwall sequence is dominated by a feldspar-phyric unit that is strongly altered 
to sericite-pyrite or quartz-pyrite-sericite.  The least-altered samples of the feldspar-phyric unit 
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contain 10-15% 1-2 mm equant feldspars phenocrysts in a fine-grained groundmass.  The unit occurs 
as a coherent and a monomict breccia facies, although the strong to intense alteration directly 
beneath the massive sulfide mineralisation generally obliterate original rock texture.  Strong 
domainal alteration can also create pseudobreccia textures that are sometimes difficult to distinguish 
from monomict breccias.  This is the same unit as the feldspar-phyric sequence at Hellyer that is 
dominated by andesites and minor basalts (Waters, 1995).  The footwall rocks at Fossey have Ti/Zr 
ratios between 22-37, with two outliers at 44 and 55 at the bottom of holes HL673 and HL683.  In the 
suite I rocks, the higher Ti/Zr ratios reflect less fractionation and therefore a more basaltic 
composition (Crawford et al., 1992).  At Hellyer, the feldspar-phyric sequence has largely andesitic 
compositions with Ti/Zr ratios ranging 27-36 (Gemmell and Large, 1992).   
 
 
 
Figure 4.14: Schematic cross section of the Fossey deposit on mine grid section 10200 N.  Modified 
from original Bass Metals geological sections using re-logged drill hole data and existing information 
from the company database.  
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Figure 4.15: Common lithologies at Fossey: A) coherent basalt with quartz-calcite amygdales with 
contact metamorphosed mudstone (HL683-06 at 135.4 m); B) sand-sized volcaniclastic rocks 
(HL683-11 at 175.3 m); C) matrix supported polymict breccia with angular clasts (HL673-09 at 
169.7 m); D) dacite with possible flow banding (HL683 at 144.6 m);  E) feldspar-phyric andesite 
with weak domainal alteration (HL688-09 at 210.5 m). 
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4.3.2  Fossey Mineralisation 
 
The Fossey deposit is dominated by massive pyrite-sphalerite-galena±chalcopyrite 
mineralisation with a thick, irregular, massive barite body that overlies the massive sulfides.  Textures 
of the massive barite body are highly variable (Figure 4.16).  Irregular bands of fine- to coarse-grained 
barite-pyrite-quartz are the most common form, but fragmental sections of angular to rounded 
barite clasts, broken crystals and crustiform veins of alternating bands of barite, quartz and pyrite are 
also present.  Pyrite occurs as fine- to coarse-grained disseminations in fine-grained barite and as 
coarse aggregates around bands of coarser grained barite and fragmental sections.  Microcrystalline 
quartz with finely disseminated pyrite is found throughout the barite body.  The barite zone contains 
minor pale, low-Fe sphalerite and galena (generally <5% Pb+Zn) and makes up a 1.4 Mt resource of 
42 g/t Ag and 1.5 g/t Au (Bass Metals Ltd., 2011).    
 
The massive sulfide body is massive to banded with layers of fine- to coarse-grained 
sphalerite, galena, pyrite and minor chalcopyrite (Figure 4.17). Regional deformation in Devonian 
produced compositional banding in the massive sulfides and boudinaged pyrite and quartz-rich layers 
that are also observed at Hellyer (McArthur, 1996).  Gangue minerals such as barite and quartz occur 
as interstitial and interlaminated material and overprinting veins that crosscut the massive sulfides.  
The boundary between the barite body and the massive sulfide body is often irregular with locally 
sharp to diffuse, interfingering contacts.  The lower contact of the massive sulfide body is generally 
marked by abrupt decrease in sulfide mineralisation.  Irregular, local pods of barite with sulfides are 
not uncommon within 10 m into the strongly altered footwall rocks.  
 
Sulfide textures are not the main focus in this alteration study, but available data provided by 
Bass Metals show that some Fossey microscopic textures are similar to those observed and described 
at Hellyer (McArthur, 1996).  Pyrite ranges from melnikovite (spongy, fine-grained pyrite) to variably 
fine- to coarse-grained euhedral crystals (Figure 4.18).  Pyrite framboids are common in both massive 
sulfide and barite bodies.  Chalcopyrite disease is ubiquitous in sphalerite and sometimes highlights 
hexagonal features where previous wurtzite crystals were replaced by sphalerite (Figure 4.19B).  
Potential pseudomorphs of anhydrite by barite, melnikovite pyrite and galena have also been 
documented (Figure 4.19C and D).  The sulfide thin sections and microphotographs were prepared 
and compiled at MODA (McArthur Ore Deposit Assessments) by Gary McArthur for Bass Metals. 
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Figure 4.16: Contrasting styles of barite mineralisation from HL0985: A) glassy silica-
barite-pyrite (at 174.3 m); B) tabular barite crystals (at 185.8 m); C) crustiform barite 
vein (at 186.3 m); D) disrupted, fragmental barite-pyrite-quartz-sphalerite-galena (at 
185.5 m). 
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Figure 4.17: Macroscopic textures of sulfide mineralisation from the Fossey orebody 
in HL0985:  A) massive recrystallised sphalerite-galena-pyrite (at 225.8 m); B) banded 
fine-grained sulfides with boudinaged quartz-pyrite-rich bands (at 208.8 m); C) small-
scale folding defined by sulfide bands (at 226.3 m); D) shrinkage shadows with pull-
apart gashes perpendicular to sulfide banding (at 189.4 m). 
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Figure 4.18:  A) Highly variable pyrite forms varying from relict colloform melnikovite to 
euhedral crystals; fine-grained interstitial galena and chalcopyrite in pyrite and sphalerite 
(HLD957 at 199.0m).  B) Framboidal pyrite in bands with sphalerite-galena-chalcopyrite and 
recrystallised pyrite cubes (HLD957 at 199.0 m).  Microphotographs taken by G. McArthur, 
courtesy of Bass Metals.  Py=pyrite, Me=melnikovite, Cp=chalcopyrite, Sp=sphalerite, 
Gn=galena, Te=tetrahedrite, Qz=quartz, Ba=barite, Vd=void. 
A 
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4.3.3  Fossey Alteration 
 
The hanging wall alteration at Fossey is generally weak and does not exhibit the same 
distinctive fuchsite alteration that occurs in the Hellyer hanging wall.  The Hellyer basalt is weakly to 
moderately altered by chlorite-sericite-carbonate±epidote with irregular zones of light grey to light 
pink albite-quartz±K-feldspar alteration.  Monomict breccias are common throughout the hanging 
wall basalt and they tend to be more strongly altered by albite-quartz than the coherent sections of 
the basalt.  Small (<1 m thick) zones of breccia or heavily veined sections have angular clasts that are 
usually supported by a quartz-carbonate matrix. 
  
  
Figure 4.19: Microscopic textures in the massive sulfide orebody.  Microphotographs taken by G. 
McArthur, courtesy of Bass Metals.  Py=pyrite, Me=melnikovite, Cp=chalcopyrite, Sp=sphalerite, 
Gn=galena, Qz=quartz, Ba=barite, Cl=chlorite, Vd=void.  A) Banded massive sphalerite (and 
chalcopyrite disease) with recrystallised galena and thin pyrite-chalcopyrite bands (HLD960 at 260.6 
m).  B) Hexagonal arrangement of chalcopyrite exsolution lamellae (“disease”) in original würtzite 
crystal (HLD961 at 262.8 m).   C) Colloform and recrystallised pyrite enclosing barite pseudomorphs 
after possible anhydrite laths (HLD959 at 189.0 m).   D) Possible anhydrite crystal cluster replaced by 
melnikovite pyrite, then by Devonian remobilised galena (HLD957 at 220.5 m). 
A B 
C D 
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 In the mixed sequence, the small dacitic unit is moderately altered by albite±quartz±K-
feldspar (Figure 4.15D).  The fine to coarse sand-sized volcaniclastic rocks tend to be more strongly 
and variably altered by sericite-quartz-pyrite (Figure 4.15B).  The more strongly sericite altered 
sections observed in drill core are typically more strongly foliated and the remnant core is often in a 
very friable state that is too difficult to sample.  Stratigraphically below the fine volcaniclastic rocks, 
the polymict breccia is more strongly altered by quartz-sericite-pyrite±K-feldspar with variable 
amounts or intervals of barite, silica-pyrite, and base metal mineralisation.  Figure 4.20 shows the 
polymict breccia with strong quartz-sericite-K-feldspar-pyrite alteration while a sericite-quartz-pyrite 
altered sample is shown in Figure 4.15C. 
 
 
Figure 4.20: Polymict coarse sand-gravel sized breccia with strong quartz-sericite-K-feldspar-pyrite 
alteration (HL673-05 at 132.6 m).  The top half of the sample is stained and shows the K-feldspar 
alteration in bright yellow in the larger clasts and locally in the matrix.   Extensive polishing could not 
remove all of the iron oxide staining (orange-yellow) on the unstained surface and cracks of the 
sample; however, all iron oxide on the top half of the sample would have been removed by the HF 
acid during the staining process, giving a true positive yellow stain for K-feldspar.   
 
 
 The Fossey footwall sequence has undergone very strong hydrothermal alteration related to 
the massive sulfide mineralisation, forming a vertical pipe-like alteration halo that surrounds and 
underlies the deposit (Figure 4.21).  The main footwall alteration zone is characterised by a strong 
quartz-sericite-pyrite mineral assemblage that varies from being sericite-dominant to quartz-
dominant.  Although the zonation is complicated due to local overprinting relationships, the inner 
core of the alteration pipe is generally more quartz-dominant while the outer core is more sericite-
dominant.  The sericite-dominant alteration is sometimes overprinted by quartz-dominant alteration, 
while the reverse is less common (Figure 4.22). Sericite-dominant alteration tends to be less 
texturally destructive and pseudomorphed phenocrysts are often preserved.  On the contrary, 
quartz-dominant alteration tends to obliterate primary rock textures and domainal overprinting of 
other alteration assemblages can often create pseudobreccia textures (Figure 4.23).  Secondary K-
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feldspar alteration is present locally as a minor constituent in sericite dominant alteration zones but 
its distribution is not well defined.  The detection of K-feldspar relies heavily on staining, geochemical 
analyses, and thin section petrography. 
 
Strong chlorite alteration occurs as distinct massive bands or sections (20-30 cm) of chlorite-
pyrite and also as a domainal chlorite-sericite-carbonate-pyrite assemblage that often overprints 
existing sericite and quartz altered rocks in the main alteration zone.  Massive chlorite-pyrite 
alteration is very textually destructive, with up to 50-80% of the rock volume being completely 
replaced by chlorite and 10-20% by pyrite and minor amounts of sericite (Figure 4.24).   Chlorite from 
the massive chlorite-pyrite alteration is of a very dark colour, almost black and the pyrite is finely 
disseminated within the fine-grained chlorite.  This intense, massive chlorite-pyrite alteration is 
observed in the Hellyer footwall, replacing sericite at the contact of the chlorite and sericite zones.  It 
is best developed in the northern part of the alteration system surrounding the siliceous core 
(Gemmell and Fulton, 2001).  Less intense, but also strong chlorite-sericite-carbonate-pyrite 
alteration is common within the sericite dominant alteration zone, where it overprints previous 
sericite-quartz-pyrite altered rocks (Figure 4.25).  This chlorite-sericite alteration is not always 
chlorite dominant as it can have significant amounts of sericite (i.e., 30% sericite and 20% chlorite by 
volume).  The amount of carbonate and pyrite present ranges from less than 1% to 10% carbonate 
and less than 1% to 5% pyrite. 
 
  Carbonate alteration is the strongest on the western side of the footwall alteration zone.  It is 
pervasive and appears to be associated with sericite, chlorite and lesser quartz altered rocks west of 
the massive sulfide mineralisation (Figure 4.26).  The specific carbonate species were not identified, 
but the moderate to strong reactions with 0.1 M hydrochloric acid and the geochemical analyses 
(based on the amount of carbon) suggest a relatively calcareous composition.  The distinct dolomictic 
spheroids in the chlorite-carbonate alteration zone at Hellyer (Gemmell and Large, 1992; Bradley, 
1997) were not observed at Fossey.   
 
 Outside the main alteration zone, the least-altered footwall rocks are weakly to moderately 
altered by chlorite-sericite-carbonate±epidote.  Most primary rock textures are preserved and 
amygdales are generally filled with calcite and/or quartz.  Locally, albite-quartz-K-feldspar overprints 
the weak chlorite-sericite-carbonate alteration (Figure 4.27). 
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Figure 4.22A:  Strong sericite-quartz-pyrite±chlorite with domainal, overprinting quartz-sericite-pyrite 
alteration in a monomictic breccia or pseudobreccia (HL673-11 at 191.9 m). No K-feldspar identified 
in staining (upper half of sample, but minor K-feldspar grains were identified in thin section (below). 
  
Figure 4.22B:  Strong, patchy sericite alteration 
with lesser quartz and pyrite.  Minor K-feldspar 
alteration is circled in yellow.   Image is 1900 μm 
wide, taken under cross polarised light. 
Figure 4.22C: The finer grained pyrite is 
associated with sericite alteration, while the 
coarser grained pyrite is associated with quartz. 
Image is 1900 μm wide, taken under reflected 
light. 
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Figure 4.23A: Strong to intense quartz-
sericite-pyrite alteration overprinted by 
intense quartz-pyrite alteration (HLD961-18 
at 234.1 m).   
Figure 4.23B: Strong pervasive quartz-
sericite-pyrite alteration (HL673-13 at 204.2 
m).  Sample has been stained for K-feldspar 
and there are none identified.  The yellow 
colour in the bottom half of the sample is iron 
oxide.  
Figure 4.23C: Sericite altered feldspar 
phenocryst in a quartz-sericite-pyrite altered 
groundmass (HL673-13).  Image is 1900 μm 
wide, taken under cross polarised light. 
 
 
 
Figure 4.24:  Extensive replacement of original rock by massive chlorite-pyrite±sericite alteration 
(HL961 at 258 m). 
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Figure 4.25A:  Strong domainal sericite-chlorite-carbonate-pyrite overprinting sericite-quartz±pyrite in 
a feldspar-phyric monomict breccia (HL683-18 at 266.2 m). 
  
Figure 4.25B:  Strong, moderately pervasive 
chlorite-sericite-quartz alteration within a clast.  
Chlorite alteration is fine-grained and does not 
exhibit the blue interference colours that is 
common in larger crystals.  Image is 1900 μm 
wide, taken under cross polarised light. 
Figure 4.25C: Chlorite and sericite appear as dark 
coloured patches under reflected light, while 
quartz appears much brighter in contrast.  
Chlorite is generally slightly brighter than sericite 
and sericite tends to contain small quartz 
inclusions.  Small oval vesicles filled with quartz-
calcite.  Image width is 1900 μm. 
  
Figure 4.25D:  Strong and pervasive chlorite-
sericite-quartz alteration in the matrix.  There is a 
small clast or liberated amygdale that has a 
calcite core and rimmed by quartz and then 
chlorite.  Image is 1900 μm wide, taken under 
cross polarised light. 
Figure 4.25E: The chlorite-rich areas tend to be 
brighter than the sericite-rich areas in reflected 
light. This microphotograph is overexposed to 
highlight the difference in sericite and chlorite in 
reflected light.  There is a pyrite crystal in the 
amygdale.  Image width is 1900 μm. 
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Figure 4.26A:  Strong pervasive quartz-K-feldspar-sericite-calcite-pyrite and minor chlorite pyrite-
quartz veining. (HL683-15 at 218.2 m).  K-feldspar is stained bright yellow in the upper half of sample.   
  
Figure 4.26B:  Coarser grained patches/domains 
of quartz-K-feldspar-carbonate alteration with a 
finer grained mixture of sericite-carbonate-pyrite. 
Image is 1900 μm wide, taken under cross 
polarised light. 
Figure 4.26B:  Sericite is easier to distinguish from 
carbonate in the fine-grained mixture of sericite-
carbonate-pyrite under reflected light.  Some 
euhedral K-feldspar crystals are located within a 
calcite matrix.  Pyrite is very bright in this over-
exposed photo.  Image width is 1900 μm. 
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Figure 4.27A: Domainal albite-quartz-K-feldspar overprints existing chlorite-sericite-carbonate 
alteration (HL688-09 at 210.6 m).  K-feldspar stained to yellow colour in top half of sample. 
 
Figure 4.27B: Some of the primary 
rock textures in the fine-grained 
groundmass are preserved in the 
weak to moderate chlorite-sericite-
carbonate alteration (HL688-09).  
Most of the plagioclase phenocrysts 
are partially replaced by sericite.  
Image is 1900 μm wide, taken under 
cross polarised light. 
 
 
 
4.3.4  Discussion 
  
Overall, the Fossey lithologies are very similar to those at the Hellyer deposit.  Carbonate and 
chlorite alteration is not as well developed at Fossey as in Hellyer and the Fossey orebody and 
associated footwall and hanging wall alteration are less extensive than those developed around the 
Hellyer mineralisation.  However, the zonation of quartz-dominated to sericite-dominated and weak 
peripheral chlorite-sericite±albite suggest that the hydrothermal fluid flow is at least more focussed 
than that at Mount Charter.  Based on the size and extent of the mineralisation and footwall 
alteration halo, the Fossey hydrothermal convection system does not appear to have lasted as long 
as that at Hellyer.  The presence of K-feldspar in the Fossey footwall alteration zone indicates that 
there were local areas of lower temperature hydrothermal fluids during the mineralising event. 
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Barite mineralisation is more significant at Fossey compared to Hellyer.  It occurs at the same 
stratigraphic position as the coarse polymict breccia that is located beneath the fine volcaniclastic 
rocks.  It is possible that a local mass flow event may have disrupted the Fossey massive sulfide 
mineralisation by depositing a load of coarse volcaniclastic sediment over the hydrothermal vent.   
Cool oxidised seawater is entrained in the volcaniclastic pile and barite (along with microcrystalline 
quartz and pyrite) forms as hot hydrothermal fluids rise into this mixing zone sub-seafloor.   
Alternatively, the massive sulfide mineralisation could have occurred within volcaniclastic andesitic 
units below the existing coarse polymict volcaniclastic unit.  The waning of the hydrothermal system 
is represented by the deposition of barite-glassy silica-pyrite mineralisation as the spent fluids 
migrate through the seawater-laden mass flow unit.  There are a number of possibilities given the 
wide range of textures and overprinting relationships observed in the barite glassy silica-pyrite±base 
metal sulfide mineralisation. 
 
 
4.4  Geology of the Fossey East Deposit 
4.4.1 Fossey East Lithologies 
 
The Fossey East deposit occurs in the footwall sequence of the Fossey deposit and is 
connected to the Fossey deposit by a massive to semi-massive barite body (Figure 4.28).  Four drill 
holes that intersect the Fossey East mineralisation were re-logged and the graphic logs are provided 
in Appendix III.  Other drill holes that are on this drill section were re-examined using the company 
database to add details to the schematic cross section.  The lithologies around the Fossey East 
mineralisation have been strongly altered and some lithological contacts are complicated by a series 
of faults near the main Jack Fault.   
  
Due to the proximity of the deposits, most of the lithologies at Fossey East are essentially the 
same as the ones around Fossey.  Drill holes that are collared at the surface go through about 150-
200 m of the Hellyer basalt sequence before reaching the fine volcaniclastic rocks and polymict 
breccias of the mixed sequence.  The Hellyer basalt is fine- to medium-grained and varies from 
aphyric to weakly porphyritic with local carbonate- and quartz-filled amygdales.  Quartz and calcite 
veining are ubiquitous and localised quartz and calcite-cemented breccias are common features.  The 
fine to coarse sand-sized volcaniclastic rocks form a 2-3 m thick layer and are weakly to moderately 
altered by pervasive sericite-quartz-carbonate±chlorite (Figure 4.29A).  This unit grades abruptly to a 
gravel- to pebble-sized breccia with variably altered angular to sub-rounded clasts in a fine-grained  
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Figure 4.28: Schematic cross section of the Fossey and Fossey East deposit on mine grid section 
10125N, looking north.  This cross section has been modified from Bass Metals’ cross section 
produced by S. Richardson.  Drill holes that are labelled have been re-logged for this thesis. 
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quartz-sericite altered matrix (Figure 4.29B).  The polymict breccia is intruded by a dacitic unit that 
has upper and lower peperitic contacts with wispy and angular clasts that suggest quenching. 
 
Below the fine volcaniclastic rocks and polymict breccias is a sequence of andesitic rocks that 
is about 75-100 m thick.  This unit occurs as coherent sections with 10-15% 0.5-1.5 mm feldspar 
phenocrysts and also as clastic sections where minor pink rounded, quartz-albite altered clasts are 
suspended amongst andesitic volcaniclastic rocks (Figures 4.30A and B).  These andesitic rocks are 
underlain by a largely coherent basaltic sequence that contains 5-10% ~0.5 mm feldspar phenocrysts 
and 10% 1-10 mm carbonate-quartz±chlorite filled amygdales (Figures 4.30C).  Whole-rock Ti/Zr 
ratios for this basaltic unit are 39-52, compared to 31-35 in the upper andesitic unit (data in 
Appendix II).  Minor intervals of breccia with significant polymict clasts are locally common within 
the andesitic and basaltic footwall but their distribution is difficult to constrain. 
 
 
 
Figure 4.29: A) Light grey fine to coarse sand-sized volcaniclastic unit with weak pervasive sericite-
quartz-carbonate and local chlorite-rich bands (HLD1017-02 at 167.8 m).  B) Polymict unit with round 
to angular clasts that are variably altered in a quartz-rich matrix (FUD16-03 at 27.1 m).  
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Figure 4.30 A) Coherent feldspar-phyric andesite with moderate chlorite-sericite-carbonate and 
domainal albite alteration (FUD16-02 at 20.2 m). B)  Andesitic volaniclastic unit with moderated 
quartz-albite over chlorite-sericite alteration (FUD16-01 at 9.3 m).  Pink rounded clasts of a 
propyrtitic unit are common in low abundance.  C) Weakly quartz-ablite altered basaltic unit with 
calcite-quartz-chlorite filled amygdales (FUD16-08 at 55.3 m).  
 
 
 
4.4.2 Fossey East Mineralisation 
 
 The Fossey East massive sulfide mineralisation occurs about 50 m below the Fossey massive 
sulfide orebody.  It occurs within the strongly altered andesitic and basaltic rocks in the footwall of 
Fossey with a large barite body that links up with the barite mineralisation at Fossey.  The 20-30 m 
thick barite body is characterised by irregular domains of fine-grained barite-quartz-pyrite and 
microcrystalline quartz-pyrite (glassy silica-pyrite)(Figures 4.31A and B).  The barite- and quartz-rich 
domains are often deformed and the elongated domains are aligned approximately with the banding 
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in the massive sulfides.  Some coarse barite crystals are present locally but they are less common and 
not as well preserved as those observed at Fossey (Figure 4.31C).  
 
Textures of the massive sulfide mineralisation vary from massive to banded fine-grained 
sphalerite, pyrite, galena and minor chalcopyrite (Figure 4.32A).  Similar to those at Fossey, 
compositional banding in the massive sulfides is related to regional deformation during the 
Devonian.  Barite and quartz occur as interstitial and laminated material and locally as veins 
crosscutting the massive sulfides (Figure 4.32B).  Fragmental sections of the massive sulfide body 
occur locally with angular clasts supported by a quartz-barite matrix (Figure 4.32C).   
 
 
 
 
Figure 4.31: Examples of Fossey East barite-quartz-pyrite mineralisation.  A) Elongated domains of 
barite-quartz-pyrite and glassy silica-pyrite in the barite body (HLD1017 at 299.0 m).  B) Pyrite-rich 
veins crosscutting barite- and quartz-rich domains in the barite body (HLD1017 at 303.0 m).  C) Barite 
crystals 3-30 mm are present locally within fine-grained barite (HLD1017-23 at 303.5 m). 
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Figure 4.32: Fossey East massive sulfide mineralisation.  A) Banded massive sulfides of pyrite and 
light brown sphalerite with locally remobilised galena veinlets (FUD16 at 130.0 m).  B) Massive 
sphalerite with minor pyrite and galena.  Barite-quartz-pyrite veins boudinaged during deformation 
(FUD16 at 127.0 m).  C)  Angular massive sulfide clasts in glassy silica-pyrite and barite (FUD 16 at 
126.0 m).  
 
 
Within the barite mineralisation, there is a thin 1-2 m layer of fine volcaniclastic rock that is 
well preserved albeit the strong sericite-quartz alteration.  The unit is observed in two drill holes and 
the contacts with the barite body ranges from discrete and fragmental with angular barite clasts 
suspended in the fine volcaniclastic unit, to diffusive with partial replacement of the volcaniclastic 
rocks by barite-quartz (Figure 4.33).  Within the volcaniclastic unit, there are also thin wisps and 
rounded clasts of massive sulfide, quartz and barite.    
 
5 cm 
5 cm 
A 
B 
5 cm 
C 
Chapter 4: The Mount Charter, Fossey & Fossey East Deposits__________________________ 
 
112 
 
 
 
 
Figure 4.33: A) Angular fragments of barite hosted within fine volcaniclastic unit (HLD1015 at 315.3 
m).  B) Wispy remnant of a volcaniclastic interval partially replaced by barite(-quartz-pyrite) 
(HLD1015 at 318.0 m).  C) Rounded and elongated clasts of massive pyrite, barite, and glassy silica-
pyrite amongst the volcaniclastic rocks (HLD1015 at 317.0 m).  
 
 
 
4.4.3 Fossey East Alteration 
 
 Alteration around the Fossey East mineralisation is strong and the zonations are complicated 
by overprinting alteration assemblages and faulting.  The andesitic and basaltic rocks around the 
Fossey East deposit have undergone very strong hydrothermal alteration that is related to both the 
Fossey and Fossey East mineralisation (Figure 4.34).  Closest to the Fossey East barite and massive 
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sulfide body, there is a thin 1-5 m zone of strong to intense chlorite-pyrite±sericite alteration (Figure 
4.35).  The alteration ranges from a very pervasive replacement of the original rock to a more 
selective alteration where some textures of the original rock are still visible locally.  The chlorite 
usually has a very dark green, almost black colour and contains very fine-grained pyrite disseminated 
within the chlorite mass; however, some recrystallised sections have coarser grained pyrite masses 
with dark chlorite rimming.  Local overprinting between chlorite-pyrite and sericite-pyrite alteration 
results in a strongly foliated fabric with bands on chlorite- and sericite-rich domains. 
 
 Outside the strong chlorite-pyrite alteration, the andesitic and basaltic rocks are strongly K-
feldspar-quartz-sericite-pyrite to quartz-sericite-pyrite±K-feldspar altered (Figure 4.36).  Local sericite 
and chlorite altered domains have been overprinted by these alteration assemblages.  K-feldspar 
alteration is particularly strong and more pervasive around the Fossey East mineralisation than 
Fossey and many samples originally described as strongly quartz altered show high K contents.  A 
series of pyrite-quartz and pyrite-quartz-base metal sulfide veins are concentrated on the eastern 
side of this K-feldspar and quartz alteration zone (Figure 4.37).  This is likely part of the footwall 
stringer zone below Fossey East that has now been repositioned by possible isoclinal folding of the 
massive sulfide orebody. 
 
From the quartz and K-feldspar zones, the main footwall alteration pipe extends outwards 
into a moderate to strong sericite-chlorite-carbonate-pyrite alteration assemblage (Figure 4.38).  This 
alteration assemblage is generally more widespread at the southern end of Fossey (10125 N) and the 
polymict breccias that occur within the footwall andesitic and basaltic units are mostly affected by it.  
Minor sericite-quartz-pyrite alteration also occurs outwards from the strong K-feldspar and quartz 
alteration, but it is commonly overprinted by other alteration assemblages. 
 
Outside the main alteration pipe, the footwall rocks are weakly to moderately altered by 
chlorite-sericite and most original rock textures are preserved.  Locally, weak to moderate domainal 
albite-quartz alteration affects these rocks and gives the rocks a greyish pink to orange tinge. 
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Figure 4.34: Schematic cross section of the Fossey and Fossey East deposit on mine grid section 
10125N, coloured by alteration minerals.  Drill holes that are labelled have been re-logged for this 
thesis. 
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Figure 4.35A: Strong to intense massive chlorite-pyrite-sericite alteration (FUD17-14 at 143.1 m). 
  
Figure 4.35B: Locally recrystallised cubic pyrite 
crystals with chlorite rimming and fine-grained 
pyrite with patches of chlorite with low 
interference colours. Sericite is interstitial to 
chlorite and pyrite alteration.  Image is 1900 μm 
wide, taken under cross polarised light. 
Figure 4.35C: The pyrite crystals are more 
obvious from chlorite under plane polarised light.  
Image width is 1900 μm. 
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 Figure 4.36A: Strong pervasive K-feldspar-quartz-sericite-pyrite alteration with pyrite veins cut by 
late quartz-carbonate vein (FUD16-20 at 114.9 m). 
  
Figure 4.36B: The groundmass is mostly altered 
by fine-grained K-feldspar-quartz-sericite.  Image 
is 1900 μm wide, taken under plane polarised 
light. 
Figure 4.36C: Sericite altered feldspar 
phenocrysts in a fine-grained K-feldspar-quartz-
sericite altered groundmass.   Image is 1900 μm 
wide, taken under cross polarised light. 
 
 
 
Figure: 4.37: A) Strong K-feldspar-quartz-sericite alteration with pyrite-sphalerite-galena±barite 
veining (FUD17-12 at 128.3 m).  B) Strong quartz-K-feldspar-sericite alteration with pyrite-quartz-
barite-sphalerite-galena veining (FUD 17-13 at 133.5 m).  
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Figure: 4.38: Strong sericite-chlorite-carbonate-pyrite alteration with minor quartz-K-feldspar 
overprinting (FUD 16-31 at 178.1 m). 
 
 
4.4.4 Discussion 
 
 The presence of the fine volcaniclastic material within the andesitic-basaltic footwall 
suggests that either the volcaniclastic rocks were deposited during the emplacement of the footwall 
andesites and basalts, or isoclinal folding and deformation of the original Fossey deposit have 
resulted in its current position (100-120 m below the main volcaniclastic horizon at 530 m elevation).  
The former suggestion would imply an earlier phase of mineralisation during the deposition of the 
andesitic and basaltic units that are footwall to Fossey and Hellyer; whereas, the latter implies severe 
folding and deformation of the original Fossey deposit and that the mixed sequence between the 
Hellyer basalt and the footwall andesite and basalts continues to be the main ore-bearing horizon.  
 
Although the link between the Fossey and Fossey East massive sulfide mineralisation is still 
unclear, the contact relationships between the fine volcaniclastic unit and barite mineralisation 
suggest that the deposition of the fine volcaniclastic unit is coeval with the barite mineralisation.  
Clasts of barite and sulfide mineralisation are buried by fine volcaniclastic sediment and minor sub-
seafloor replacement by barite occurred within the fine volcaniclastic unit.   
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Chapter 5 – Whole-rock Geochemistry 
 
 
5.0 Introduction 
 
Many ore deposit exploration techniques rely on the zonation pattern of metals and trace 
elements from whole-rock geochemical analyses as vectors to mineralisation.  At Hellyer, the 
zonation of major and trace elements and stable isotopes in the hanging wall and footwall rocks 
were studied by Jack (1989), Gemmell and Large (1992) and Gemmell and Fulton (2001) at the 
University of Tasmania.  These studies found that the footwall alteration zones are depleted in CaO, 
Na2O, La, Sr, Ni, Cr, and V and enriched in Fe2O3, MnO, MgO, K2O, S, and most metals.  The hanging 
wall alteration zones are enriched in CaO, K2O, Na2O, CO2, S, Rb, Ba, Ag, As, Mo, Sb, Cs and Tl, but are 
depleted in Fe2O3, MnO, MgO, P2O5, La, Sr, Pb, An, Th, U, Cd, and Nd. 
 
In the last decade, analytical techniques for measuring the concentration of trace elements 
in whole-rock samples have improved dramatically and the related costs have also dropped to a 
commercially viable level. Exploration companies can afford to analyse for a larger range of trace 
elements in concentrations near or less than crustal abundances (0.1-0.5 ppm).   In 2009-2010, Bass 
Metals submitted 3,438 whole-rock samples from the Que-Hellyer area for geochemical analyses.  
The concentration of major elements (except SiO2) and 35 trace elements were analysed and the 
results prompted re-examination of trace element zonation patterns for the Que-Hellyer district, 
especially for the less studied Fossey and Mount Charter deposits. 
 
A new geochemical database has been compiled to utilise all new and old data that have 
been collected thus far.  This includes exploration core grinds and select core samples from Aberfoyle 
drill holes; research samples from the University of Tasmania (UTAS), the Tasmania Department of 
Mines (now MRT for Mineral Resources Tasmania) and CSIRO (Commonwealth Scientific and 
Industrial Research Organisation); select drill core samples from Bass Metals; and additional drill core 
samples analysed as part of this thesis. 
 
This chapter discusses the use of whole-rock geochemical data available in the Que-Hellyer 
district.  The geochemical composition of all coherent igneous and monomict breccias (with igneous 
clasts) are analysed and subdivided into groups that will improve the general understanding of the 
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rock units within the Hellyer-Mount Charter area.  A geochemical classification of the alteration 
zones and the distribution of trace elements with respect to the location of the known deposits will 
also be discussed.  
 
 
5.1 Data Source and Analytical Methods 
 
Geochemical data within the Hellyer-Mount Charter area have been collected over a long 
period of time during various exploration campaigns and research studies.  This has resulted in an 
assortment of geochemical data that were collected using different analytical techniques on a variety 
of elements.  There are a total of 6,772 samples in the newly compiled geochemical database, with 
2,558 samples from Aberfoyle Exploration, 707 samples from UTAS, MRT and CISRO, 3,438 samples 
from Bass Metals, and 69 samples analysed as part of this study. 
 
Aberfoyle Resources routinely analysed core samples from selected drill holes and core 
grinds that sampled intervals ranging from 1 to 20 metres.  These samples were analysed for Si, Al, 
Fe, Ti, Mg, Ca, Na, K, Mn, P, Zr, Cr, Ba and S by X-ray fluorescence (XRF) and Cu, Pb, Zn, Ag and As by 
three-acid digest with atomic absorption spectroscopy (AAS) at the Analabs laboratory in Burnie, 
Tasmania.   In some exploration campaigns, only the selected elements Ti, Mg, Ca, Na, K, Zr, Ba, S and 
sometimes Cr, Cu, Pb, Zn, Ag were analysed.  The original Aberfoyle exploration dataset contains 
5,985 samples, but 3,427 of those had too few useful elements analysed (Cu, Pb, Zn, Ba, As, Cr, Ti, Zr, 
Ni, and sometimes P) and were excluded in the compiled database. 
 
The UTAS research samples were mostly analysed by XRF predominantly between the years 
1989 and 1999 at the University of Tasmania.  All major elements Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, 
Ba and S were analysed by XRF, while trace elements Ag, As, Bi, Cd, Ce, Cr, Cs, Cu, La, Mo, Nb, Nd, Ni, 
Pb, Rb, Sb, Sc, Se, Sr, Th, Tl, U, V, Y, Zn and Zr were analysed by a combination of XRF and ICPMS 
(inductively coupled plasma mass spectrometry).  All of Fulton’s (1999) and some of Jack’s (1989) 
data have C and S measured by the Leco element analyser.  Fifteen samples are MRT research 
samples from Gee et al. (1970) and Corbett and Komyshan (1989) and 10 of those were analysed at 
UTAS by XRF.  The remaining samples were analysed by XRF, but in the Launceston Laboratory of the 
Department of Mines.  There are 46 samples from Que River samples by CSIRO and analysed at an 
unspecified laboratory (Whitford et al., 1989).  The major elements Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, 
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and trace elements Rb, Sr, Ba, Y, Zr, Nb, Cr, Ni, V, Pb, As were determined by a combination of XRF 
and ICP-OES.  Gold was determined by AAS. 
 
Bass Metals completed a regional lithogeochemical program in 2009, collecting core samples 
from recent and historic drill holes around the deposits and in regional areas up to 3 km away from 
the deposits.  Samples were prepared using a four-acid digestion method at Amdel Mineral 
Laboratories in South Australia.  The major elements Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, Ba, S and trace 
elements Ag, As, Be, Bi, Cd, Ce, Co, Cr, Cu, Li, Mo, Nb, Ni, Pb, Sb, Sc, Sr, V, Y, Zn  were analysed by ICP-
OES.  Aliquots of the digested samples were analysed by ICP-MS for lower detection limits of trace 
elements Ag, As, Be, Bi, Cd, Cs, Ce, Co, Cs, Cu, Ga, Hf, In, La, Mo, Nb, Ni, Pb, Rb, Sb, Sc, Se, Sr, Sn, Ta, 
Te, Th, Tl, U, Y, W, Zn, Zr.  The sampling procedures for the Bass Metals samples are included in 
Appendix I. 
 
Additional Fossey and Mount Charter samples were analysed at Amdel in this study.  The 
samples were dried, crushed and pulverised in a chrome-free mill and a 0.1 g sub-sample of the 
analytical pulp was then fused with lithium metaborate, followed by dissolution in nitric acid to 
achieve total dissolution.  Major elements, Al, Ca, Fe, K, Mg, Mn, Na, P, Si, Ti and trace elements Cr, 
Sc, V were analysed by ICPOES.  Other trace elements Ba, Be, Bi, Ce, Co, Cs, Ga, Hf, In, La, Mo, Nb, Rb, 
Sb, Sn, Sr, Ta, Te, Th, U, W, Y, Zr and rare earth elements Dy, Er, Eu, Gd, Ho, Lu, Nd, Pr, Sm, Tb, Tm, Yb 
were analysed by ICPMS.   Subsamples of the analytical pulps were prepared by a mixed acid digest 
to determine the concentrations of Ag, As, Cu, Ni, Pb, Zn by ICPOES and Tl by ICPMS.  The sampling 
and QAQC procedures for these samples are also included in Appendix I.  Samples by Tomes (2011) 
were prepared and analysed by the same procedures, but these samples were not analysed for Tl. 
 
 
5.2 Compilation of Hellyer-Mount Charter (HMC) Database 
 
Compilation of the HMC database was achieved by manually combining all the geochemical 
data in Microsoft Excel, matching up as many elements as possible in spite of varying assay methods 
and detection limits.  Due to variable detection limits, most major and trace elements that have 
concentrations below detection were treated as null.  However, If the major elements MgO, CaO, 
Na2O, and K2O have concentrations below detection limit, their values were replaced with half the 
detection limit; this was done so that an Alteration Index value (see Section 5.4) can be calculated 
even if one of these major element concentrations approximates zero.  
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The database is available electronically in Appendix V along with compilations notes that 
explain the additional calculations and data added to the database.  A discussion on the compatibility 
of the Bass Metals’ four-acid digest ICPMS data with XRF analyses is included in the Appendix VI.  In 
general, the four-acid digest ICPMS data are reasonably compatible with the XRF analyses with the 
exception of Ba, Cr and Y.  The four-acid digest Cr values are nearly half of the corresponding Cr 
values by fusion ICP and fusion XRF.  The following formula was used to correct for the bias in the 
Bass Metals samples as suggested by S. Richardson in his comparison of Cr analyses by four acid ICP 
and fusion ICP and XRF analyses (senior exploration geologist, Bass Metals Ltd., pers. comm., 2012).    
 
Corrected Cr (ppm) = 0.0003*(old Cr value) 2 + 1.5875*(old Cr value) 
 
The under-reporting of Ti and Zr assays by four acid digestion ICPMS is a common concern 
(Kon et al., 2011).  For this study, a comparison of 10 samples analysed by four acid digest ICP and 
fusion XRF has shown that TiO2 values are generally 2% lower in four acid ICP results; Zr values are 
about 10% lower by four-acid ICP.  S. Richardson also compared the Ti and Zr results from four acid 
ICP and fusion ICP (S. Richardson, pers. comm., 2012).  The four acid ICP values of Ti and Zr are 3% 
and 9%, respectively, lower over fusion ICP.  Incomplete dissolution of zircon is an obvious factor in 
the Zr discrepancies; however, the difference in Ti/Zr ratio is only about 4% and does not warrant a 
correction factor for the purpose of this study.  
 
 
5.3 Primary Rock Classification of the Que-Hellyer Volcanic Rocks  
 
Hydrothermal alteration changes the mineralogy, texture and geochemical composition of 
rocks, making it difficult to identify the original rock type.  Correct identification of host rocks is 
important in order to establish a meaningful definition of alteration patterns and metal zonation that 
are associated with mineralisation and not compositional variations.  Major element compositions 
that are commonly used to classify the primary rock compositions cannot be used for altered rocks 
because many of the major elements such as Si, Fe, Mg, Ca, Na, and K are mobile during alteration.  
In altered volcanic terranes, the use of trace elements that are immobile during alteration is essential 
to the classification of primary rock types.  There are a number of studies that discuss the use of 
immobile and incompatible trace elements around VHMS deposits (Pearce and Cann, 1973; 
Winchester and Floyd, 1977; MacLean and Kranidiotis, 1987; MacLean and Barrett, 1993). 
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The high field strength elements Ti, Zr, Nb, and Y are generally considered to be relatively 
immobile during hydrothermal alteration and are commonly used for the differentiation of magmatic 
composition and tectonic setting (Pearce and Cann, 1973; Winchester and Floyd, 1977).  Other 
studies conducted on VHMS deposits show that Al, Ti, Zr, Nb, Y, heavy REE (Lu, Yb), Hf, Ta and Th and 
sometimes P, Sc, V and Cr can also be relatively immobile during hydrothermal alteration (MacLean 
and Kranidiotis, 1987; Ashley et al. 1988; Barrett and MacLean, 1994; Barrett and Sherlock, 1996). 
 
Immobile elements have been proven to be very useful in the classification of rock types in 
the MRV.   The geochemical affinities of MRV units have previously been studied by Crawford et al. 
(1992) and five lithogeochemical suites were defined (Table 5.1).  Although Crawford et al. (1992) 
focussed on mainly unaltered samples from the MRV, the use of Ti/Zr and P2O5/TiO2 ratios and Cr 
concentrations are commonly used in exploration regimes to differentiate between footwall and 
hanging wall basalts, andesites, and dacites.  The QHV footwall rocks are classified as Suite I rocks, 
while the QHV hanging wall basaltic units belong to Suite III.  
 
At Hellyer the basalt facies immediately above the Hellyer orebody has been studied by Jack 
(1989), who identified a regionally high Ti/Zr basalt suite termed the “core” basalt.  A recent honours 
thesis conducted by Tomes (2011) on the Hellyer basalt suggested the following breakdown of Cr and 
Ti/Zr values.  Tomes (2011) concluded that the core basalt geochemistry is more widespread 
amongst the hanging wall basalt facies than previously considered and that the core basalt does not 
show any direct relationship with proximity to ore. 
 
High Cr, high Ti/Zr (core basalt): Cr >650, Ti/Zr 25-45 
  Normal basalt: Cr 300-600, Ti/Zr 20-25 
  Low-Cr basalt: Cr ~150 ppm, Ti/Zr 5-30 
 
Corbett and Komyshan (1989) also provided the major and trace element analyses of 35 
QHV rocks from the Hellyer to Mount Charter area.  There is one andesite-basalt sample from the 
lower basalt unit, 9 samples from the lower andesites and basalts (FSP), 4 andesites-basalts from the 
mixed sequence, 12 dacites from the mixed sequence, 7 samples from the upper basalts and 
andesites and 2 felsic lavas from the Sock Creek area.   The averages of the QHV rock types are 
provided in Table 5.2.  Note that these rocks are all considered to be variably altered to some degree, 
with loss on ignition values ranging from 1-12%.  
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Table 5.1 – Summary of MRV lithogeochemical affinities (modified by McArthur, 1996 from 
Crawford et al., 1992) 
Characteristic Suite I Suite II Suite III Suite IV Suite V 
Stratigraphic 
occurrence 
Volumetrically 
abundant; CVC, 
QHV footwall, 
Henty Fault 
Wedge, Tyndall 
Group, 
Murchison 
Granite 
Only southeast of 
Henty Fault, CVC 
top 
Yolande River 
Sequence 
Yolande River 
Sequence, QHV 
hanging wall 
basalt 
Henty Fault 
wedge 
Henty dyke 
swarm 
Miners 
Ridge basalt 
Petrology 
augite-plag phyric 
andesites, plag 
phyric dacites, 
qtz-plag phyric 
rhyolites 
hornblende 
phyric 
andesites/dacites, 
aug+plag phyric 
andesites with 
partly resorbed 
qtz phenocrysts 
primitive crystal-
rich 
Ol+chromite+cpx 
phyric basalts, 
more evolved 
cpx+plag phyric 
basalts/andesites 
augite+plag 
phyric 
basalts, 
aphyric 
olivine 
phenocrysts 
aphyric-
ophitic 
basalts with 
rare altered 
olivine 
phenocrysts 
%SiO2 range 58-78 58-68 48-57 50-54 48-52 
P2O5/TiO2 <0.4 0.3-0.7 0.2-1.2 <0.2 <0.2 
FeO trend with 
differentiation 
steady decrease steady decrease decrease increase increase 
TiO2 trend with 
differentiation 
steady decrease flat decrease flat increase variable 
Ti/Zr range 5-40 15-20 20-40 70-110 90-160 
REE 
enrichment 
moderate light 
REE enrichment 
strong light REE 
enrichment 
variable 
weak light 
REE 
enrichment 
weak light 
REE 
depletion 
Affinity 
medium-high K 
calc-alkaline 
high K calc-
alkaline 
transitional 
medium-high K 
calc-alkaline, P-
rich REE-rich 
shoshonites 
tholeiitic 
Strongly 
magnesian 
tholeiitic 
 
 
Using this information as a starting point, the QHV samples that are in the compiled database 
were classified geochemically by Ti, Zr, Cr, Sc, V, Th, P, and Ce concentrations.   All of the Bass Metals 
samples and most of the research samples have sufficient data for this data analysis; however, the 
Aberfoyle samples do not have all those trace elements analysed and only have Ti, Zr, Cr, and  P data 
that are suitable for lithogeochemical investigations.   Figure 5.1 shows the overall immobility of the 
high field strength elements Nb and Zr of this data set.  The approximately uniform ratio of these 
elements over 4,285 samples across all rock types and alteration, show that there is no major change 
in immobile element content in spite of mass gain or loss due to alteration.  Ti and Zr are also 
considered to be immobile in this system (Jack, 1989; Fulton, 1999) and the incompatible-compatible 
pair is particularly useful in the differentiation of primary composition due to fractionation trends for 
the QHV rocks (Crawford et al., 1992). 
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Table 5.2 – Average major and trace element composition of QHV rocks (Corbett and 
Komyshan, 1989). 
 Lower 
Basalt* 
(Lower Tuff) 
Lower 
Andesites 
and Basalt 
Mixed 
Sequence 
Andesites 
Mixed 
Sequence 
Dacite 
Upper 
basalts and 
andesites 
Sock Creek 
felsic lavas 
SiO2 60.88 57.27 52.74 71.78 55.36 73.58 
TiO2 1.02 0.53 0.61 0.33 0.50 0.615 
Al2O3 15.38 14.34 15.56 14.99 15.22 14.97 
Fe2O3 0.97 3.22 1.46 1.66 3.95 0.805 
FeO 6.95 5.16 6.19 1.30 5.01 1.15 
MnO 0.17 0.23 0.17 0.09 0.28 0.04 
MgO 2.19 5.18 3.49 0.49 5.66 0.41 
CaO 5.29 7.18 6.79 0.84 4.08 0.25 
Na2O 2.52 3.00 1.28 2.04 2.52 6.67 
K2O 1.43 1.47 2.29 3.21 1.64 1.39 
P2O5 0.24 0.26 0.43 0.07 0.24 0.12 
Ba 910 927 848 1017 1927 565 
Rb 56 53 98 113 63 85 
Sr 320 443 250 105 307 76 
Y 29 25 23 25 27 31 
Nb 10 7 9 9 7 11 
Zr 145 125 164 162 142 443 
Co 17 24 20 7 28 5.5 
Ni 5 73 21 5 81 3 
Cr 90 371 100 72 457 51 
V 210 208 273 52 231 23.5 
Sc 28 29 24 13 31 15 
Cu 49 72 38 10 60 8.5 
Pb 8 97 14 9 11 5.5 
Zn 110 168 73 38 198 35 
Ti/Zr 43 26 25 13 22 16.5 
Values have been recalculated back to un-normalised concentrations before averaging.  
*Only one andesite-basalt samples in lower basalt sequence. 
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Figure 5.1: Zr plotted against Nb and TiO2 showing the overall mobility of these high field strength 
elements in the QHV rocks across all rock types and various extent of alteration.  A) The circled points 
belong to a distinct group of rocks that are part of a lithogeochemical group called high Cr andesite 
and will be discussed further in the next section.  B) The lines are approximated Ti/Zr ratios with the 
most mafic samples (basalts) having the highest ratios progressing towards more felsic, lower Ti/Zr 
ratios (rhyodacites).  
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Scandium is often held in ferromagnesian minerals, especially in pyroxenes and amphiboles 
in which Sc3+ substitutes for Fe3+.  However, Sc levels are low in olivine because Sc3+ does not 
substitute for Fe2+.  Since SiO2 and Fe contents can be so variable in hydrothermally altered rocks, Sc 
is more useful in determining the abundance of ferromagnesian minerals in a sample.  Sc levels in 
igneous rocks are generally 30-40 ppm for basalt, 20-30 ppm in andesite, 10-20 ppm in dacite and 
<10 ppm in rhyolite (Mielke, 1979; S. Halley, consulting geochemist, Mineral Mapping Pty. Ltd., pers. 
comm. 2011).   This breakdown is very useful as a preliminary classification and most of the rock 
groups, except the basalts, show coherency to those boundaries.  
 
Similarly, vanadium can be used as a proxy for mafic content as V3+ substitutes for Fe3+.  In 
general, V concentration in basalt is around 250 ppm and 44-88 ppm in rhyolite (Mielke, 1979).  
However, the almost identical trivalent ionic radii of V3+ and Fe3+ (64 and 65 pm) makes V a common 
trace element in magnetite as well as ferromagnesian minerals like pyroxenes and amphiboles 
(Curtis, 1964), so the use of V content should be complemented by other elements. The Ti/V ratio is 
used to distinguish between volcanic arc, MORB and alkali basalts (Shervis, 1982; Rollingson, 1993) 
 
During magmatic processes, the highly charged Zr4+ ion is incompatible with the lattice sites 
of most common rock-forming silicates (De Vos et al., 2006).  As a result, felsic igneous rocks are 
generally enriched in Zr relative to mafic lithologies.  Zirconium occurs most importantly as zircons, 
with minor substitutions of Zr4+ for Ti4+ in ilmenite and rutile (Wedepohl, 1978).  Varying amounts of 
Zr can also be found in pyroxenes, amphiboles, micas and garnet.  
 
Titanium generally follows Fe in magmatic crystallisation with Ti4+ partitioning into Fe-Ti and 
Fe oxides (De Vos et al., 2006).  It forms mainly ilmenite, rutile, brookite, anatase, and sphene, but it 
also occurs as an accessory element in pyroxene, amphibole, mica and garnet when it substitutes for 
Mg2+ of Fe2+.  Titanium content in igneous rocks are commonly used in primary rock classifications 
because of the compatibility displayed by Ti during the early stages of fractionation.  This results in Ti 
enrichment in mafic (>1% TiO2) and ultramafic (>2% TiO2) rocks over felsic igneous lithologies (~0.2% 
TiO2; De Vos et al., 2006).  The use of Ti-Zr discrimination diagram is discussed in detail in Pearce 
(1973). 
 
Chromium is also very sensitive to magmatic fractionation and a wide range of Cr values 
exists for varying types of basalts (Wedepohl, 1978).  It forms chromite in ultramafic and mafic rocks 
and is compatible in the minerals olivine, orthopyroxene, clinopyroxene and spinels in basaltic melt 
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(Rollingson, 1993).  It is used in a number of discrimination diagrams to help characterise volcanic-arc 
basalts. 
   
Thorium is generally higher in granitic than mafic igneous rocks and it forms several minerals 
including monazite (Ce,La,Nd,Th)(PO4,SiO4) and the rare thorite (ThSiO4) and thorianite (ThO2; De Vos 
et al., 2006).  It is also an important accessory element in zircon, sphene, epidote, uraninite, allanite 
and apatite in igneous rocks.  The Th4+ ion shows greatest affinity to other M4+ elements such as U4+, 
Ce4+  and Zr4+ (De Vos et al., 2006).  Thorium is enriched in magmas produced in island arc 
environments and calc-alkaline basalts tend to be enriched in Th, Ce, P, Sm relative other high field 
strength elements (Pearce, 1982; Rollingson, 1993). 
 
Phosphorous occurs as P5+ exclusively within the lithosphere (Wedepohl, 1978).  It occurs 
primarily as apatite, but it also as monazite (Ce,La,Nd,Th,Sm)(PO4,SiO4), xenotime (Y,Ce)(PO4) and a 
trace accessory element in in olivine, pyroxene, amphibole and mica.  The behaviour of phosphorous 
in magmatic processes is more complicated because its concentrations in an igneous rock depends 
on the temperature of magma, concentrations of other volatile elements, mode of emplacement 
(extrusive versus intrusive), and the substitution of Si4+ in silicate minerals (Wedepohl, 1978).  It 
behaves similarly with Th and Ce as suggested by Pearce (1982) and the P2O5/TiO2 ratio is commonly 
used to differentiate the Suite I, II and III rocks in the MRV (Crawford et a., 1992).  Alkali basalts 
generally have higher P2O5 content than tholeiitic basalts for a given Zr content (Rollingson, 1993). 
 
Cerium is a rare earth element and it occurs most commonly in monazite and xenotime. The 
large Ce3+ ion (101 pm) substitutes for large cations such as Ca2+ (100 pm), Y3+ (90 pm) and Th4+ (94 
pm; De Vos et al., 2006). Cerium occurs as accessory minerals, such as allanite, apatite, zircon and 
sphene in igneous rocks.   
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5.3.1 Classification by Multi-Element Ti, Zr, Cr, Sc, V, Th, P, and Ce 
 
Most of the more recent data have been analysed by multi-element ICPMS and the 
classification of primary rock types can be done using a combination of the elements Ti, Zr, Cr, Sc, V, 
Th, P, and Ce.  These eight elements are considered to be least mobile in the Que-Hellyer district 
(Jack, 1989; Crawford et al., 1992; Fulton, 1999), and their concentrations do not show any 
correlation with mineralisation.  The polymict and shale/sandstone units have been excluded so that 
only coherent and monomict breccia units are considered in this classification by immobile element 
geochemistry.  The preliminary basalt, andesite, dacite and rhyodacite groups are separated based 
on Sc values (Figure 5.2) and further subdivided based on V, Ti, Zr, Cr, Th, P, and Ce (Figure 5.3).   
 
The basalt group contains three subgroups: high Cr basalt, moderate Cr moderate Ti/Zr 
basalts, and normal basalt.   The high Cr basalts have distinctly high Cr values that are predominantly 
above 500 ppm.  The moderate Cr moderate Ti/Zr basalts have relatively high Cr contents as well 
(>250 ppm), but have much lower average Ti/Zr ratios (22-29) compared to the normal basalt (38-46) 
and high Cr basalt (37-48) groups.  While the basalts have similar Sc, V, and TiO2 concentrations, the 
moderate Cr moderate Ti/Zr basalts have distinctly higher Zr, Th, P2O5 and Ce.  The normal and high 
Cr basalt have fairly comparable V, Ti, Zr, Th, P, and Ce concentrations and different most 
significantly by the Cr content.    
 
For the andesites, the samples have been divided into a normal, high Cr, and high Th andesite 
groups.  The high Cr andesites were subdivided based on their high Cr levels (>250 ppm).  The Cr and 
Ti/Zr values are comparable to those of the moderate Cr and moderate Ti/Zr basalts.  In general, the 
high Th andesites have Th >30 ppm and are often associated with higher P2O5 and Ce values.  This 
suggests that they are more fractionated and more likely to be suite III rocks under the Crawford et 
al. (1992) classification.  Some of the high Cr andesites are also high in Th, P2O5, and Ce, but all of the 
high Th andesites have low Cr content.  The 14 high Cr andesites that were highlighted back in Figure 
5.1 belong to a high Zr-Th-P-Ce suite of hanging wall rocks that occurs in limited extent 500-1000 m 
west of the Hellyer deposit.  
 
Within the dacite group selected by Sc, there are three distinct populations of dacites that 
can be depicted from the V plots (Figure 5.3).  The higher V and higher Ti/Zr group, shows affinities to 
the andesites in the V versus Ti and Zr plots while the lower V and lower Ti/Zr dacites are closer to 
rhyolitic compositions (Sc <10 ppm, Ti/Zr <8).  This leaves a group of dacites that is in between the 
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two end members and forms the “normal” dacite group.  The lower Ti/Zr dacites form a relatively 
coherent population with the rhyolites and are thus referred to collectively as rhyodacite for 
simplicity.  The high Ti/Zr dacites, like the andesites, have a subset of samples that are high in Th (>22 
ppm).  The high Th high Ti/Zr dacites are generally high in P2O5 and Ce well.  After being separated 
out as a high Th subgroup, these samples were determined to have much lower Ti/Zr values (16-20) 
than the parent high Ti/Zr dacite group (25-30) and is essentially a high Th dacite group. 
 
The statistical geochemical properties of each rock type are summarised in Table 5.3 and 
Figure 5.4.   As shown in the scatter and box and whisker plots, there are overlaps among the groups 
and within some groups there are subdivisions that are also possible.  This is just one way of 
classifying the rocks using the available geochemical data so that a better understanding of the 
alteration undergone by these rocks may be achieved.   Out of the 6,772 samples in the database, a 
total of 3,659 samples are classified using this scheme. 
 
 
Figure 5.2: Sc versus Ti/Zr ratio showing the ten lithogeochemical groups. 
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Figure 5.3: V versus TiO2, Zr, Cr, Th, P2O5, and Ce showing the composition of the geochemical 
groups determined by multi-element lithogeochemistry. 
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Table 5.3 – Geochemical classification of primary rock types in the QHV. 
 
Sc 
ppm 
V 
ppm 
TiO2 
% 
Zr 
ppm 
Cr  
ppm 
Th 
ppm 
P2O5 
% 
Ce 
ppm 
Ti/Zr P2O5/TiO2 
Basalt (339) 24-32 200-235 0.43-0.57 62-85 75-287 5.0-9.0 0.07-0.14 32-60 38-46 0.14-0.27 
High Cr 
Basalt (207) 
31-41 194-250 0.39-0.45 55-75 735-984 6.0-8.9 0.11-0.19 46-65 37-48 0.27-0.41 
Mod Cr  
Mod Ti/Zr 
Basalt (199) 
33-42 225-273 0.48-0.68 125-160 540-738 11.7-23.8 0.25-0.41 95-185 22-29 0.43-0.74 
Andesite 
(759) 
21-26 165-190 0.52-0.65 105-130 77-129 8.5-11.5 0.10-0.15 55-70 28-32 0.14-0.24 
High Cr 
Andesite 
(280) 
24-29 165-205 0.41-0.58 100-155 416-731 12.0-24.0 0.17-0.34 85-170 20-29 0.34-0.73 
High Th 
Andesite 
(185) 
19-25 160-229 0.49-0.67 136-170 10-108 18.0-25.1 0.22-0.39 115-165 20-25 0.39-0.63 
Dacite (379) 13-18 59-100 0.50-0.62 140-173 11-45 13.0-16.5 0.13-0.16 75-95 19-23 0.24-0.29 
High Ti/Zr 
Dacite (478) 
16-19 129-150 0.48-0.61 106-137 35-76 8.5-12.0 0.11-0.14 50-70 25-30 0.20-0.24 
High Th 
Dacite (189) 
16-19 115-140 0.43-0.52 150-180 13-96 21.5-27.5 0.17-0.27 116-165 16-20 0.42-0.57 
Rhyodacite 
(635) 
8-12 16-36 0.27-0.37 160-195 6-32 17.0-22.5 0.06-0.09 95-130 10-13 0.21-0.26 
Ranges are based on the 25
th
 and 75
th
 percentile of data for each rock type.  The number in brackets shows the 
number of samples included for each rock type. 
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Figure 5.4: Tukey box and whisker plots showing the statistical distribution of geochemical properties 
of each primary rock type.  Black dot = mean, bar = median, box = 25-75th percentile of data 
(interquartile range); open circles = outliers (within 3 box length), open triangles = far outliers 
(beyond 3 box length).  Whiskers are drawn to the last data point that extends 1.5 times the length of 
the box towards the maximum and minimum. One TiO2 outlier from the basalt group has been 
excluded at 2.8% and one Cr outlier from the mod Cr mod Ti/Zr basalt group excluded at 4,099 ppm. 
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5.3.2 Classification by Ti-Zr-Cr 
 
Most of the Aberfoyle samples have a limited number of elements analysed and therefore 
they could not be classified using the same criteria as the other samples that were discussed in the 
previous section.  As a result, the best possible way to classify these rocks is by using Ti, Zr, and Cr.  
There are 41 research samples that are also classified using these three elements due to the lack of 
Sc, V, Th and Ce data.  All the rocks classified under this scheme have the abbreviation of ABX in front 
of the rock type name for simplicity even though not all of those samples originated from Aberfoyle.   
 
The samples were first separated based on the TiO2 versus Zr plot into basalt, andesite, 
dacite/andesite, and rhyodacite groups (Figure 5.5).  The high Cr basalts were selected based on Cr 
values greater than 500 ppm and the high Cr andesites greater than 250 ppm.  The groups were 
tidied up between the two plots and so there are minor overlaps of the groups in both plots. 
 
Similar statistical plots were made for the rock classified by Ti-Zr-Cr (Figure 5.6).  As shown in 
scatter plots and box and whisker plots, there are some overlaps among the groups.  However, each 
geochemical group is still distinct and thus this appears to be the most reasonable way of classifying 
the rocks geochemically given the available data.  A total of 2,070 coherent and monomict breccia 
rock samples are classified using these elements.   
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Figure 5.5: TiO2 vs. Zr and Cr vs. Ti/Zr ratio plots showing the ABX lithogeochemical groups. 
  
A 
B 
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Figure 5.6: Tukey box and whisker plots showing the statistical distribution of geochemical properties 
of each primary rock type.  Black dot = mean, bar = median, box = 25-75th percentile of data 
(interquartile range); open circles = outliers (within 3 box length), open triangles = far outliers (beyond 
3 box length).  Whiskers are drawn to the last data point that extends 1.5 times the length of the box 
towards the maximum and minimum. One Zr outlier from the ABX Rhyodacite group has been 
excluded from the plot at 700 ppm. 
 
 
5.3.3 Discussion 
 
 There are many different rock types that exist in the QHV and the geochemistry of each 
sample is unique due to its primary rock composition and also subsequent phases of alteration, such 
as local hydrothermal and regional metamorphic events.  Classifying these rocks by geochemistry 
into manageable groups allows for a better understanding of the rocks that are hosts to the VHMS 
deposits and also the variation in alteration that exists within each group of rocks. 
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A direct comparison of the rocks classified by multi-element geochemistry and those by Ti-Zr-
Cr is provided in Figures 5.7A and B.  The two sets of lithogeochemical groups are compared using Cr, 
Ti, Zr plots and a histogram showing the stratigraphic position of these rocks as determined from 
logging codes.  The availability of Ti, Zr, Cr, Sc, V, Th, P, and Ce data has allowed for a much more 
rigorous classification scheme that is not applicable to the Ti-Zr-Cr dataset.  However, there are some 
aspects that are comparable and can justify the use of both schemes in the subsequent sections. 
 
In general, the basaltic samples separated by the multi-element scheme show a wider range 
of Ti/Zr ratios compared to those separated by Ti-Zr-Cr.  Given that a large portion of the samples 
classified by the multi-element scheme were prepared by the four acid digestion technique, it is not 
surprising to see relatively higher Ti/Zr values as a result of the lower Zr values reported (about 10% 
lower than fusion ICP or XRF analyses).  The average Ti/Zr ratio for the basalt group is 43 and the ABX 
basalt group is 39. 
 
The histograms show that both high Cr basalts are largely concentrated in the hanging wall.  
Also occurring at the same stratigraphic position are the moderate Cr moderate Ti/Zr basalt samples, 
suggesting that the hanging wall rocks tend to be Cr-rich.  There are some high Cr basalts that occur 
in the footwall, but their occurrence is minor and scattered in the area between Mount Charter and 
Que River and Hellyer at depth.  There are some low Cr, normal basalt samples in the hanging wall 
stratigraphy, but these are restricted to Que River and the regional areas to the west (Figure 5.8).   
Around Que River, these normal basalt samples are to the west of the deposit (above the 
rhyodacites) and occur in the upper basalt and andesite sequence.  The normal basalts that occur to 
the east of Que River are indeed in the stratigraphic footwall and are akin to the footwall sequences 
at Hellyer.  It is not clear why the hanging wall basalts at Que River have apparently lower Cr 
concentrations compared to the Hellyer and Mount Charter hanging wall basalts.  In general, the 
normal basalts predominately occur at the footwall position in the Que-Hellyer district. 
 
Similar to the basalts, the andesitic rocks classified by the multi-element scheme also show a 
greater range in Ti/Zr ratios than those classified by Ti-Zr-Cr.  The ABX andesitic units clearly have a 
more narrow range of Ti/Zr because the upper and lower Ti/Zr limits are strict boundaries to the ABX 
basaltic and dacitic/andesitic rocks.  The average Ti/Zr ratio for the multi-element andesite group is 
30 and the ABX andesite group is 27.  The andesites from both classification schemes form a semi-
continuous horizon in the footwall position of the Que River and Hellyer orebodies.  The high Th 
andesites have lower Ti/Zr values than the normal andesites and the high Cr andesites, spanning a 
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range of 16-29 in Ti/Zr ratios and averaging 23 near the dacites.  While the high Th-P-Ce association 
in the high Th andesites suggest a suite III composition, the high Th andesites do not concentrate in 
the hanging wall like other suite III rocks.  Their occurrence is a bit scattered, with more mixed 
sequence and footwall occurrences at Hellyer and Que River, and the upper parts of the mixed 
sequence at Mount Charter.   
 
The high Cr andesites that were selected in both schemes also occur predominantly in the 
hanging wall stratigraphic position.  Like the moderate Cr moderate Ti/Zr basalts, the high Cr 
andesites lie predominantly above the high Cr basalts at Hellyer, likely marking different lava flows or 
shallow intrusions of a geochemically similar magma source at different stages of fractionation.  
Differences in Sc and V content suggest that the moderate Cr moderate Ti/Zr basalt is more mafic 
than the high Cr andesite, but the two are remarkably similar in terms of their immobile element 
chemistry.  Thus it is very likely that there are ABX equivalents of the moderate Cr moderate Ti/Zr 
basalts grouped amongst the ABX high Cr andesites, but the distinction is impossible to isolate 
without Sc and V analyses. 
 
The multi-element high Ti/Zr dacites are closely associated with the normal andesites both 
geochemically and spatially.  Besides Sc and V content, the two groups have very similar immobile 
element concentrations and ratios (Figure 5.4) and they most commonly occupy footwall positions in 
the Que-Hellyer district.  The multi-element dacites have similar Ti/Zr ratios as the ABX 
dacite/andesites.  They are often found in the mixed sequence in the Que-Hellyer district, although 
they are also common in the footwall position at Mount Charter.  Their interpreted stratigraphic 
position in the regional drill holes may be unreliable due to a lack of drilling and obvious marker 
horizons.  It should be noted that the high Th dacites are somewhat restricted to Mount Charter and 
a set of wedged holes southeast of Fossey, suggesting either a local suite of high Th-P-Ce dacites or 
alteration that affects the whole-rock concentrations of Th, P, and Ce. 
 
The rhyodacite groups from both classification schemes are very similar in terms for Ti/Zr, 
P2O5/TiO2 ratios.  In fact, it is obvious in the TiO2 versus Zr plots that there are two populations in 
both rhyodacites.  As mentioned before, the rhyolites were grouped with the low Ti/Zr dacites to 
form the rhyodacite group and any felsic rocks from the URS and the Cambrian felsic porphyries 
would fall into this group. 
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Figure 5.7A: TiO2 vs. Zr, Cr vs. Ti/Zr, and stratigraphy histogram plots comparing the two sets of 
basaltic and andesitic lithogeochemical groups selected by multi-element geochemistry and Ti-Zr-Cr.  
ACG = Animal Creek Greywacke, LB = Lower Basalt, FPS = Feldspar-phyric sequence, MXS = Mixed 
Sequence, HW = Hanging Wall, QRS = Que River Shale, URS = Upper Rhyolite Sequence, Misc = 
Miscellaneous samples of veins, fault zones, and tertiary basalts. 
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Figure 5.7B: TiO2 vs. Zr, Cr vs. Ti/Zr, and stratigraphy histogram plots comparing the two sets of 
dacitic lithogeochemical groups selected by multi-element geochemistry and Ti-Zr-Cr. ACG = Animal 
Creek Greywacke, LB = Lower Basalt, FPS = Feldspar-phyric sequence, MXS = Mixed Sequence, HW = 
Hanging Wall, QRS = Que River Shale, URS = Upper Rhyolite Sequence, Misc = Miscellaneous samples 
of veins, fault zones, and tertiary basalts. 
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Spatial distribution of these lithogeochemical units generally agrees with the observed 
distribution of the corresponding rock types in the study area.   At Hellyer and Fossey, there is a 
relatively coherent high Cr basaltic and andesite package that lies above the largely andesitic footwall 
(Figure 5.8).  This high Cr package also includes the moderate Cr moderate Ti/Zr basalt as the group 
averages 540-740 ppm Cr.  The distinct layer-like distribution of the high Cr basalt, moderate Cr 
moderate Ti/Zr basalt, and high Cr andesite likely marks individual flows or sill-like intrusions.  Above 
the high Cr units are the predominantly mudstone and siltstone sequences of the Que River Shale 
(QRS).  At the top of the QRS are polymict and felsic units of the URS of the Southwell Subgroup 
thickening towards the north.   
 
The mixed sequence is not well sampled and too thin to see at Hellyer in Figure 5.8, but it is 
represented by a combination of dacitic units, high TI/Zr dacites, and polymict units.  The immediate 
Hellyer and Fossey footwall is dominated by andesitic rocks with minor low Cr basaltic units.   The 
lower basalt sequence is dominated by low Cr basalt with irregular high Cr areas and minor 
andesites. 
 
Towards Que River the andesitic footwall is thickened due to folding and the dacitic hanging 
wall appears to be more felsic (rhyodacite) in composition.  The lower basalt sequence in this area, 
intersected at lower depths in the deep holes within the syncline and higher up in the west dipping 
drill holes to the east, contains more Cr-rich rocks that are interlayered with relatively low Cr basalts.   
 
The mixed sequence thickens at Mount Charter and the main mineralised zone is dominated 
by the high Ti/Zr dacite, high Th andesite and high Th dacites.  The rhyodacite units tend to be lower 
down in the sequence, underlying the high Ti/Zr dacites and Th-rich rocks.  There is less drilling than 
it appears in Figure 5.8 due to the oblique projection of all the drill holes onto a 2D surface.  The 
majority of the deep holes (>250 m) are about 500-800 m away from the Mount Charter deposit in all 
directions.  The only deep hole at Mount Charter records a thick 500 m package of dacitic-rhyolitic 
units, with interlayered polymict intervals and minor andesitic and basaltic sequences.  
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5.4 Geochemical Classification of the Alteration of the Que-Hellyer Volcanics 
  
Hydrothermal alteration proximal to VHMS deposits are generally zoned and may include 
discordant footwall alteration pipes and semi-conformable footwall and hanging wall alteration 
zones (Morton and Franklin, 1987; Hannington et al., 2003).  While discordant-type alteration pipes 
are restricted to immediate host rocks (Gemmell and Large, 1992), large semi-conformable alteration 
zones can extend laterally up to several kilometres away from the deposit and up to several 
hundreds of kilometres below (Galley, 1993; Paulick et al., 2001; Gifkins et al., 2005).  Therefore it is 
useful to understand the geochemical reactions that produce hydrothermal alteration in VHMS host 
rocks and how whole-rock compositions will vary around the deposits. 
 
Footwall alteration results from the reaction of hydrothermal fluids with volcanic rocks.  The 
hydrothermal fluids are usually dominated by heated seawater and those that are related to the 
formation of VHMS deposits are estimated to be 170-350°C based on fluid inclusions and 
geochemical modelling  (Zaw et al., 1996; Schardt et al., 2001) and studies on modern seafloor vents 
(Herzig and Hannington, 1995; Berkenbosch et al., 2012).  Changes in alteration mineral assemblages 
and alteration intensity can be related to a combination of change in fluid chemistry, water/rock 
ratio, pH, and temperature from the core to the margin of the system (Franklin et al., 2005; 
Hannington et al., 2005).   
 
Many alteration studies have used Na depletion as a measure of feldspar destruction and 
hydrothermal alteration intensity (Franklin et al., 1975; Ashely et al., 1988; Gemmell and Large, 1992; 
Paulick et al., 2001).  The Ishikawa alteration index is a convenient way to measure the replacement 
of feldspars and glass by sericite and chlorite alteration using the elements lost (Na2O and CaO) and 
elements gained (MgO and K2O) (Ishikawa et al., 1976b).  The alteration index is highest in the 
proximal hydrothermal zones beneath massive sulfide lenses and decreases away from the deposits 
(Saeki and Date, 1980; Gemmell and Large, 1992).  However the index does not differentiate 
between sericite and chlorite alteration, and so the use of the chlorite-carbonate-pyrite index (CCPI) 
in the alteration box plot is a convenient way of identifying the chlorite altered samples (Large et al., 
2001b).  The CCPI measures the increase in MgO and FeO associated with Mg-Fe chlorite 
development and pyrite mineralisation, as well as Mg-Fe carbonate alteration with the use of the 
alteration index.  This thesis also uses a modified CCPI calculation in some figures in an attempt to 
remove the effects of pyrite mineralisation on the CCPI value and widen the spread of CCPI values to 
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highlight the effects of chlorite, sericite and K-feldspar alteration.  The index is renamed to chlorite-
carbonate index (CCI) where applicable. 
 
Alteration Index (AI) = ___100 (MgO + K2O)____ 
 MgO + K2O + CaO + Na2O 
 
 CCPI = ____100 (FeO +MgO)____ 
  FeO + MgO + Na2O + K2O 
 
Modified CCPI = CCI =  _100 (FeO_no py)+MgO)_ 
  FeO + MgO + Na2O + K2O 
 
Using the whole-rock geochemical data, samples from the compiled database are further 
classified by alteration mineralogy in their respective lithogeochemical groups using a combination of 
general element ratio (GER) plots and the alteration box plot (Large et al., 2001b)(Figures 5.9 and 
5.10).  The feldspar Na-K and the Chlorite-Muscovite-K-feldspar-Biotite GER plots use K/Al, Na/Al, 
and (Fe+Mg)/Al ratios that are calculated based on molar proportions, which means that the ratios 
can be used to approximate the mineral composition of the key alteration minerals.   
 
The least-altered samples are generally low in K2O (1-2%) and have an average of 3-4% Na2O, 
plotting around 0.30-0.50 Na/Al on the feldspar Na-K GER diagram (Figure 5.9).  Samples that are 
increasingly more sericite altered are represented by increasing K/Al ratios and coupled with 
decreasing Na/Al ratios due to the destruction of feldspars.  Sericite in this context refers to white 
mica alteration and includes both muscovite and phengite.  The GER plots use muscovite as the white 
mica end member due to its relatively straight forward chemical composition; phengite, in 
comparison, is a more collective term used for Fe-Mg rich white mica.  Samples that are strongly 
depleted in Na (low Na/Al) and plot around 0.33 K/Al are likely to be strongly sericite altered.   
Phengite have a maximum K:Al ratio of 0.45, so samples that lie beyond 0.45 must contain a 
secondary K-bearing mineral such as K-feldspar. 
 
Muscovite: 
 K Al2
(oct) Al(tet) Si3
(tet) O10 (OH)2 
Phengite: 
 K (Al2-x Mgx)
(oct) Al1-x
(tet) Si3+x
(tet) O10 (OH)2 
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The samples with decreasing Na/Al but relatively low K/Al ratios are mostly altered by 
chlorite or a combination of both chlorite and sericite.  These samples plot near the chlorite-
muscovite tie-line of the Chlorite-Muscovite-K-feldspar-Biotite GER diagram and have high CCPI 
values.  It should be noted that the whole-rock Fe concentrations used to produce Figures 5.9 and 
5.10 have been recalculated to better represent the mineralogy of chlorite.  For the samples that 
have sulfur data, the theoretical amount of Fe locked up in pyrite is calculated by taking the sulfur 
content (wt. %) of the sample and calculating the amount of Fe (wt. %) that would be required to 
make up an equivalent amount of pyrite based on a 2:1 Fe/S molar ratio.  To account for the 
presence of other sulfides and sulfates, samples that have Ba, Zn, Pb, and Cu concentrations greater 
than 0.5% would have their sulfur content allocated first as barite (BaSO4), sphalerite (ZnS), galena 
(PbS), and chalcopyrite (CuFeS2).  A 100% Zn end member was used for the sphalerite calculations for 
simplicity.   The Zn content of sphalerite at Hellyer has been reported at 93.7% Zn (molar Zn/(Zn+Fe)) 
by McArthur (1996) and is assumed to be 100% for the purpose of this calculation of S distribution.  
Using the recalculated Fe (without pyrite), the samples plotted on the modified alteration box plot 
and Chlorite-Muscovite-K-feldspar-Biotite GER diagram have lower molar (Fe+Mg)/Al ratios and 
lower CCI values.  All samples plot closer to the ideal alteration mineral composition on these 
diagrams, which makes the classification of alteration mineralogy more straight forward.  
 
In this manner, the samples are divided into alteration groups of strong sericite, moderate 
sericite, weak sericite, sericite-chlorite, chlorite, sericite-albite, albite, K-feldspar and background 
(Figure 5.9). Samples trending towards higher Na/Al proportions presumably gained Na by albite 
alteration.   Note that this classification does not define silicic alteration in the Que-Hellyer rocks.  
Quartz-pyrite and quartz-sericite(±pyrite) are also common alteration assemblages near 
mineralisation in the footwall, but silica occurs in too many minerals for such element ratios to be 
meaningful.  Strong quartz±pyrite altered rocks will still produce a high Alteration Index value, but it 
is impossible to distinguish strong silicic alteration from sericite and chlorite alteration using the 
Alteration Index.  At Hellyer, intense quartz-pyrite and quartz-sericite-pyrite alteration of the 
siliceous core have an average AI of 91 compared to the chlorite zone, which has an Alteration Index 
of 95 (Gemmell and Large, 1992). 
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CCPI values are strongly dependent on primary composition variations and generally increase 
from values around 15-45 in rhyolites, 30-60 in dacites, 50-85 in andesites and 70-90 in basalts (Large 
et al., 2001b).  In Figure 5.10, there is a clear transition of background rocks from CCI values of 80 of 
the basaltic rocks towards 35 of the rhyodacites.  Also subject to primary compositions are the K/Al, 
Na/Al, and (Fe+Mg)/Al molar ratios.  More felsic lithologies such as dacites, rhyodacites have higher 
K/Al, Na/Al ratios and lower (Fe+Mg)/Al ratios compared to the more mafic units like andesites and 
basalts. 
 
Figures 5.11 and 5.12 show the distribution of these alteration minerals in the Que-Hellyer 
district.  The strong sericite and K-feldspar alteration clearly highlight an elongate zone that lines up 
with the Hellyer, Fossey, Que River and Mount Charter deposits.  Moving outwards from this 
elongate zone, the alteration is dominated by weak to moderate sericite and background-like levels, 
with minor albite.  There is some albite alteration that occurs closely around the Hellyer deposit, but 
these samples are predominantly located in the hanging wall position and not part of the main 
alteration zone which is best developed in the mixed sequence and footwall rocks.  Note that Figure 
5.12 is an orthographic projection of all the data from 3D to 2D and not a length-wise cross section of 
the area.  As a result, drill holes that are located east and west from the main Hellyer to Mount 
Charter corridor, may appear to be closer to the deposits than they are physically.  For instance, the 
samples closest to the Que River deposit are mostly classified as moderate to strong sericite.  
However, there are two holes “through” the Que River deposit that are mostly dominated by 
background and sericite-albite alteration.  These two holes are actually 300 and 500 m west of the 
Que River ore lenses.  As these drill holes plunge into the Que River footwall at depth, the samples 
are strongly sericite altered. 
 
It is clear from Figure 5.13 that the high Cr units, which dominate the hanging wall 
stratigraphic position of the QHV district, are generally not very altered compared to the other 
lithologies in the area.  There is a small percentage of strong sericite and chlorite alteration, but the 
rocks are generally weakly to moderately altered by sericite and albite.  Also interesting is that there 
are many samples with strong sericite, chlorite, and sericite-chlorite alteration that have alteration 
index values below 45.  Because CaO is in the denominator of the alteration index calculation, the 
generally higher CaO composition of the high Cr rocks results in lower alteration index values.  
Nonetheless, the sericite altered samples are still recognised as altered samples and the greater than 
2.5% K2O levels support the classification.  Similarly the weakly elevated MgO and FeO (excluding Fe 
in pyrite) contents also support the presence of chlorite.  There appears to be an underestimation of 
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carbonate alteration with some very Ca-rich samples (greater than 20%) classified as background, 
albite and weak sericite.  However, calcite veining and calcite-quartz filled amygdales are ubiquitous 
in the coherent facies of the Hellyer Basalt and so 9.5-14.5% CaO is not uncommon for weakly 
altered basalts in the hanging wall (Tomes, 2011).  The CCPI values used in Figures 5.13-5.16 were 
calculated as in Large et al. (2001b) and are not modified CCI values. 
 
 
Figure 5.11: Map view of the QHV rocks coloured by alteration mineralogy. 
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The strongest alteration zones are best developed in the andesitic and basaltic rocks, which 
reside predominantly in the footwall sequence (Figure 5.14).  There is significant K2O enrichment due 
to strong sericite and K-feldspar alteration.  Strong Na2O depletion is common amongst the most 
strongly altered rocks (K-feldspar, strong sericite, sericite-chlorite, and chlorite).  There is significant 
MgO enrichment in the chlorite and sericite-chlorite samples compared to those of the high Cr units; 
whereas the FeO (excluding Fe in pyrite) levels are about the same.  By removing the calculated 
amount of Fe that is held within pyrite, the amount of residual FeO content also subdivides the 
strong sericite and K-feldspar samples from the sericite-chlorite and chlorite ones.   The chlorite and 
sericite-chlorite samples that deviate from the main Alteration Index versus CaO trend, are most 
likely chlorite(-sericite)-dolomite altered. 
 
The dacitic and low Ti/Zr andesitic rocks (high Th andesite and ABX dacite/andesite) are 
grouped together in Figure 5.15 because they are the closest in composition as a group and the 
distribution of these units are more variable, occurring in all hanging wall, mixed sequence and 
footwall stratigraphic positions.  They are also strongly affected by hydrothermal alteration, but with 
noticeably less chlorite alteration than the footwall andesitic-basaltic rocks.  Carbonate alteration 
seems to be under-estimated in this group with Ca-rich samples (greater than 15%) classified as 
background, albite and weak sericite.  The polymict units are also plotted in Figure 5.15 as their 
alteration assemblages are more akin to the dacitic-andesitic rocks than the andesitic-basaltic rocks 
in Figure 5.14.  However, the polymict units do appear to have slightly higher CaO and MgO, which 
may be a result of more pervasive alteration due to greater permeability of the samples.  There is 
also an overall greater assortment of primary rock composition due to the polymict nature of the 
samples.   
 
The rhyodacites mostly occupy the mixed sequence south of the Fossey deposit (i.e., around 
Que River and Mount Charter) and in the URS positions above the QRS around Hellyer.  There is a 
clear shift in CCPI values towards 35-55 for the least-altered samples and the sericite, K-feldspar, and 
albite altered samples all have relatively lower CCPI values than the more mafic lithologies in the 
area (Figure 5.16).   Chlorite alteration is not well developed amongst the rhyodacites.  However, due 
to the generally low primary MgO and FeO composition, there are clear MgO and FeO (excluding Fe 
in pyrite) enrichments in chlorite-bearing samples.   While the samples with the lowest CaO levels 
(<0.5 %) are almost always sericite, K-feldspar, or chlorite altered samples in the other lithology 
groups (Figures 5.13-5.15), the distinction is not obvious for the rhyodacite units.   
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Figure 5.13: Alteration Index versus CCPI, K2O, Na2O, CaO, MgO, and FeO (minus Fe in pyrite) 
coloured by alteration groups for ABX high Cr basalts, ABX high Cr andesites, high Cr basalts, 
moderate Cr moderate Ti/Zr basalts, and high Cr andesites.  CCPI values are calculated using whole-
rock FeO concentrations and not recalculated FeO values, which exclude the Fe locked up in pyrite. 
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Figure 5.14: Alteration Index versus CCPI, K2O, NaO, CaO, MgO, and FeO (minus Fe in pyrite) coloured 
by alteration groups for ABX andesites, ABX basalts, andesites, basalts, and high Ti/Zr dacites.  CCPI 
values are calculated using whole-rock FeO concentrations and not recalculated FeO values, which 
exclude the Fe locked up in pyrite. 
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Figure 5.15: Alteration Index versus CCPI, K2O, Na2O, CaO, MgO, and FeO (minus Fe in pyrite) 
coloured by alteration groups for ABX dacites/andesites, high Th andesites, dacites, high Th dacites 
and polymict units.  Polymict units are plotted as open circles.  CCPI values are calculated using 
whole-rock FeO concentrations and not recalculated FeO values, which exclude the Fe locked up in 
pyrite. 
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Figure 5.16: Alteration Index versus CCPI, K2O, Na2O, CaO, MgO, and FeO (excluding Fe in pyrite) 
coloured by alteration groups for ABX rhyodacites and rhyodacites.  CCPI values are calculated using 
whole-rock FeO concentrations and not recalculated FeO values, which exclude the Fe locked up in 
pyrite. 
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In terms of element zonation, the Alteration Index, along with K2O, Na2O, and FeO (excluding 
Fe in pyrite) are the most useful major element indicators (Figures 5.17 to 5.21).  Na2O is arguably 
the best due to its ability to measure the destruction of feldspars with Na depletion as well as albite 
alteration with Na enrichment.  However, Na depletion does not distinguish between sericite, K-
feldspar and chlorite alteration.  Alteration by sericite and K-feldspar is best reflected by elevated 
K2O levels and the combination of Alteration Index and CCPI values (alteration box plot). 
 
MgO enrichment is common in some VHMS systems as it reflects the development of 
chlorite alteration.  However, at the Que-Hellyer district, this MgO enrichment due to chlorite 
alteration is often obscured by primary rock compositions and other alteration mineralogy.  The high 
MgO content of the high Cr units can be misleading and the overall dominance of sericite alteration 
over chlorite in the area makes MgO variations more of a measure for sericite and K-feldspar 
alteration (MgO depletion) rather than a vector for Mg-rich chlorite zones (MgO enrichment). 
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5.5 Trace Element Distribution in the Que-Hellyer Volcanics 
 
Hydrothermal alteration systems generally possess larger footprints than the associated 
mineral deposits and therefore a good understanding of how trace elements are enriched and 
depleted in the alteration halo can help vector towards mineralisation.  While the main metals of 
interest in the Que-Hellyer district are Pb, Zn, Cu, Au, Ag, there are additional trace elements that can 
be used for exploration vectoring.  Studies on Australian VHMS deposits have shown that Zn-rich 
deposits at Rosebery, Hellyer and Thalanga have extensive Tl and Sb halos, while the Cu-rich deposits 
at Western Tharsis, Highway Reward and Gossan Hill have negligible Tl halos (Gemmell and Fulton, 
2001; Huston and Kamprad, 2001; Large et al., 2001b; Paulick et al., 2001).  The distribution of Pb 
and Zn is often restricted to galena and sphalerite that are within massive sulfide zone and or late 
veins and concentrations drop of drastically outside the main mineralised zones (Figures 5.22 and 
5.23).  Copper also highlight parts of the massive sulfide mineralisation as well as mafic units, which 
tend to have higher Cu values (Figure 5.24). 
 
 Arsenic, Tl, and Sb are particularly strong indicators for mineralisation in terms of spatial 
proximity of the anomalous samples to the actual orebodies (Figures 5.25 to 5.27).  Arsenic is a very 
common trace element in pyrite and high whole-rock concentrations of As generally indicate sulfide 
mineralisation.  Both Tl and Sb form halos around the Rosebery and Hellyer deposits where values 
greater than 10 ppm are common around ore zones and decrease away from the deposit to values 
less than 1 ppm (Large et al., 2001c).  Sulfur variations are indicative of sulfide and sulfate (most 
commonly barite in the QHV area) mineralisation and the higher values highlight the deposits and 
their respective footwall rocks (Figure 5.28).  Note that the Que River alteration halo extends quite 
far north and south of the deposit.   
 
Molybdenum is not as strong of an indicator but it behaves as a chalcophile mineral and is 
commonly incorporated into sulfides such as pyrite, galena and sphalerite, resulting in Mo highs 
around deposits and the associated footwall rocks (Figure 5.29).  However, Mo is also high in 
association with organic matter and sedimentary sulfide minerals (Algeo and Lyons, 2006) and hence 
the elevated values in the QRS above Hellyer.  Tungsten content has a similar trend to Mo but does 
not concentrate in the QRS (Figure 5.30).    
 
The trend in Sn is not very clear (Figure 5.31).  While it is generally low around Mount 
Charter, the samples around the actual Que River, Hellyer and Fossey deposits are somewhat high, 
even in the footwall.  The areas north and south of the Que River deposit are depleted in Sn like 
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Mount Charter.  Concentrations of Bi and Se are very low for the whole area, except for a small 
number of samples that show anomalous values around the deposits and footwall areas (Figures 5.32 
and 5.33).  Selenium behaves similarly to S and tend to concentrate in sulfide ore deposits, uranium 
deposits in sandstone, and diagenetic pyrite of fine-grained sediments (Howard, 1977).  Selenium 
levels in the QHV rocks are higher near S-rich areas and the pyritic QRS. 
 
In general, Sr is depleted in around the deposits and their respective footwall rocks (Figure 
5.34).  Rb and Cs are closely associated with K2O and variations in these two trace elements are very 
similar to K2O, highlighting the strong sericite and K-feldspar alteration zones (Figures 5.35 and 5.36).   
Considering Li is a common accessory element, in K-feldspar, mica, illite, and chlorite, it is somewhat 
surprising that the Li is depleted around Mount Charter and Que River (Figure 5.37).  This depletion is 
not as obvious around Hellyer and Fossey, but the Hellyer footwall is relatively low in Li compared to 
the higher concentrations in the hanging wall. 
 
In summary, the hydrothermal alteration that is associated with the Hellyer, Fossey, Que 
River and Mount Charter mineralisation is enriched in As, Tl, Sb, Mo, W, Rb, Cs with very local Bi and 
Se highs.   This enrichment is accompanied by depletions in Sr, and Li. 
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5.6 Discussion 
 
 In general, the strong sericite, K-feldspar, chlorite, sericite-chlorite groups contain the most 
altered rocks compared to the other alteration groups.  Using this as a guide, the effects of alteration 
on the mobility of the elements used for the classification of the lithogeochemical groups are 
discussed using a series of probability plots of those elements employed in Section 5.3 (Figure 5.38).  
Whole-rock concentrations of Sc, V, TiO2, and Zr are not generally affected by different alteration 
groups.  There is a weak tendency of chlorite and sericite-chlorite samples to have slightly higher Sc, 
V and lower Zr, but that can be attributed to the fact that the andesitic and basaltic rocks tend to 
have better developed chlorite alteration (Figure 5.14) than the more felsic lithologies such as the 
dacites and rhyodacites (Figure 5.15 and 5.16).  The same argument may be applied to Cr where a 
much larger contrast in Cr content exists between the strong sericite and K-feldspar groups and the 
rest of the alteration groups.  The strong development of sericite and K-feldspar in the footwall and 
mixed sequences, which are relatively low Cr lithologies compared to the hanging wall, may also 
account for lower Cr content in those samples.  This is not to claim that Cr is completely immobile.  
Jack (1989) and Gemmell and Fulton (2001) reported strong Cr depletion in the siliceous core zone, 
and minor enrichments in the hanging wall directly above the Hellyer deposit.  So Cr is not 
completely immobile, but for the purpose of lithogeochemistry across the whole Que-Hellyer district 
where the effects of proximal alteration is less significant, it is still a useful element for primary rock 
classification.  There is a minor tendency for strong sericite, K-feldspar, and some chlorite samples to 
have slightly lower Th, P2O5 and Ce contents but there is also a sampling bias within the dataset 
towards the altered footwall, which is typically strongly altered and dominated by low Th-P-Ce rocks.  
The sampling bias is unavoidable with the reality of most drill holes being closer to the orebodies 
than outside the main alteration corridor and the greater abundance of footwall material compared 
to hanging wall simply due to topography and erosion.  
 
Probability plots of the major elements for the alteration groups are provide in Figure 5.39.  
The alteration mineral groups were determined by element molar ratios using the same elements; 
therefore, these plots should separate the alteration groups very well.  Strong sericite and K-feldspar 
alteration are characterised by high K2O, low Na2O, MgO, CaO, and FeO (excluding Fe in pyrite).  
Whole-rock FeO concentrations are not as useful because pyrite is also a common alteration mineral 
with sericite, K-feldspar and chlorite.  Chlorite alteration is classified by low K2O, Na2O, and high MgO 
and FeO (whole-rock FeO and FeO_no py).  Albite altered rocks have distinctly elevated Na2O and low 
K2O and FeO contents. 
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Figure 5.38: Probability plots of immobile element concentrations of Sc, V, TiO2, Zr, Cr, Th, P2O5 and Ce.  
Colours represent alteration types as defined by whole-rock geochemistry.  Boxes represent samples 
that have greater than 5% Fe as pyrite, estimated from whole-rock geochemistry. 
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Figure 5.39: Probability plots of major element concentrations of K2O, Na2O, MgO, FeO, CaO, and FeO 
(excluding Fe in pyrite).  Colours represent alteration types as defined by whole-rock geochemistry.  
Boxes represent samples that have greater than 5% Fe as pyrite, estimated from whole-rock 
geochemistry. 
 
 
Strong sericite, K-feldspar, chlorite and sericite-chlorite altered rocks have the highest 
alteration index values (Figures 5.13 to 5.16) and they are generally more enriched in Zn, Pb, S, and 
Ag concentrations than the albite and weakly altered rocks (Figure 5.40).  Copper mineralisation is 
not abundant in the Que-Hellyer VHMS deposits, but there is some Cu enrichment (>3%) in the 
chlorite, sericite-chlorite and sericite altered rocks along the main Hellyer to Mount Charter 
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alteration corridor.  There are only 338 samples with Au values above detection limit, which is too 
few to generate a representative probability plot of Au values for each alteration group.  However, 
the highest Au values are concentrated in strong sericite and K-feldspar altered samples, followed by 
chlorite and chlorite-sericite altered samples.   
 
 
Figure 5.40: Probability plots of element concentrations of Zn, Pb, Zn ratio, S, Cu and Ag, which 
generally represent VHMS mineralisation.  Colours represent alteration types as defined by whole-
rock geochemistry.  Boxes represent samples that have greater than 5% Fe as pyrite, estimated from 
whole-rock geochemistry. 
 Whole-rock Zn ratios [Zn/(Zn+Pb)]*100 of each alteration group are also graphed on a 
probability plot in Figure 5.36.  Zinc ratios of the strong sericite and K-feldspar groups have a similar 
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range and distribution and the histogram in Figure 5.41 shows a peak in Zn ratios around 55-75 for 
strong sericite and 60-80 for K-feldspar.  These ranges are similar to the Zn ratios in sulfide and barite 
samples from Hellyer and Rosebery which have a characteristic range of means around 64-77 
(Huston and Large, 1987).   The Zn ratio records a geochemical signature of the ore-forming fluids 
that is not frequently observed in the less altered rocks.  Thus Zn ratio can be used as a vector 
towards hydrothermal alteration in the Que-Hellyer district. 
 
 
 
Figure 5.41: Histogram of whole-rock Zn ratios divided into alteration groups. 
 
 
While K-feldspar and chlorite are important alteration minerals in the VHMS hydrothermal 
system, it is obvious in Figures 5.11 and 5.12 that sericite is the dominant alteration mineral in the 
area.  Strong sericite alteration highlights the main host and footwall rocks of the VHMS deposits and 
the alteration halos extend away from the deposits into moderate and weak sericite alteration zones.  
The distribution and intensity of sericite alteration have close associations with the overall trend of 
the major and trace element variations that are observed in the area.  Strong sericite altered rocks 
have distinctly higher As, Tl, Sb, Mo, W, Rb and Cs contents (Figures 5.42 and 5.43) and as a result, 
these elements are also concentrated in the alteration halos around the Hellyer, Fossey, Que River 
and Mount Charter deposits.  Similarly, the elements that are most depleted in sericite altered rocks, 
such as Sr and Li, show overall depletion around the deposits in the Que-Hellyer area.  Not all of the 
trace element variations are associated with sericite, some elements such as As, Tl, Sb, and Mo are 
also affiliated with pyrite and other sulfide mineralisation which co-exist with sericite.  K-feldspar 
altered samples also show similar trace element variations as the strong sericite altered rocks 
because the trace element substitutions related to K also affect K-feldspar .  
Strong Sericite 
Mod Sericite 
Weak Sericite 
Sericite-Chlorite 
Chlorite 
Sericite-Albite 
Albite 
K-feldspar 
Epidote Calcite 
Least-altered 
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The probability plots show that Bi, Se, and Li contents are higher in chlorite altered rocks 
(Figures 5.39 and 5.40).  While there are some samples around the deposits that have elevated Bi 
and Se, the enrichment is not as extensive as those that are associated with sericite.  Lithium shows 
an opposing trend in which the footwall alteration halos are defined by Li lows, suggesting that 
chlorite might have higher Li concentrations than sericite and K-feldspar (Figure 5.37).  Other trace 
elements that are commonly enriched in chlorite such as Ni and Co only show variations in that are 
associated with primary rock types (i.e., mafic versus felsic).  But chlorite is also an important 
alteration mineral, especially at the base of massive sulfide lenses where it is best developed 
(Rosebery, Hellyer, Fossey, Fossey East).  Like sericite, it is also associated with pyrite mineralisation 
and has relatively high As, Tl, Sb, and W concentrations.  But because chlorite is not as widely 
distributed as sericite, potential variations in mineral chemistry towards mineralisation are often 
masked by and confused with primary compositions.  As a result, variations in chlorite chemistry can 
only be detected by analysing the individual mineral grains and not whole-rock sample.  In order to 
understand the variation in chlorite chemistry and evaluate the usefulness of its variations as a 
representation of the hydrothermal fluids, it is important to study the mineral chemistry and see how 
its compositions vary with distance from the deposits. 
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Figure 5.42: Probability plots of trace element concentrations of As, Tl, Sb, Mo, W, Sn, Bi and Se.  
Colours represent alteration types as defined by whole-rock geochemistry.  Boxes represent samples 
that have greater than 5% Fe as pyrite, estimated from whole-rock geochemistry. 
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Figure 5.43: Probability plots of trace element concentrations of Sr, Pb, Cs and Li.  Colours represent 
alteration types as defined by whole-rock geochemistry.  Boxes represent samples that have greater 
than 5% Fe as pyrite, estimated from whole-rock geochemistry. 
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5.7 Element Mobility at Fossey and Fossey East 
 
The schematic cross section of the Fossey deposit show that there is a largely zoned 
alteration pipe that changes from a quartz-sericite-pyrite alteration zone into a sericite-quartz-pyrite 
zone with local sericite-chlorite-carbonate-pyrite alteration (Chapter 4, Figure 4.21).  Outside the 
main alteration pipe, the footwall rocks are significantly less altered and are generally only affected 
by weak to moderate chlorite-sericite-carbonate±epidote alteration with minor albite-quartz-K-
feldspar alteration. 
 
The mass gains and losses of major and trace elements in these alteration zones can be 
identified using Grant’s (1986) isocon graphical approach to the Gresen’s (1967) method of analysis 
of changes in volume and concentrations.  The analysis involves the use of immobile element 
chemistry to determine the mass changes in mobile elements (MacLean and Kranidiotis, 1987; 
MacLean and Barrett, 1993; and others cited in this chapter, Section 5.3).   The ratio between 
immobile element concentrations from similar host rock compositions should remain constant, while 
the mobile elements are removed or added into an altered rock.  Elements that form a linear array 
passing through the origin are considered to be immobile and are used to define a best-fit isocon 
(Grant, 1986).   
 
The averaged major oxide and trace element content from whole-rock analyses of the 
various alteration zones are given in Table 5.4 and the isocon diagrams in Figure 5.44.  Only samples 
analysed for this thesis were used to represent the alteration zones and the geochemical data for the 
individual analyses are available in Appendix II.  Whole-rock analyses of the least-altered andesites 
were taken from previous research studies that sampled very weakly altered andesites.  The least-
altered andesites generally have alteration indices between 20 and 65 (Ishikawa et al., 1976a; Large 
et al., 2001) with low loss on ignition values and minimal sulfide mineralisation.   
 
The isocon diagrams are plotted using Huston’s (1988) modifications so that the elements 
are equally spaced on the x-axis.  Elements that have undergone mass gain will plot above the isocon, 
while elements with mass loss will plot below the isocon.  In the quartz-sericite-pyrite zone, Rb, Cr, K 
Si and Ba have all undergone mass gain, while Mn, Ca, P, Na, Co and Th have mass lost.  The sericite-
quartz-pyrite zone shows similar mass gains and losses except for K and Si, where K is enriched to a 
greater extent and Si is slightly depleted in this alteration zone.  In the sericite-chlorite-carbonate- 
pyrite zone, only Rb, K, Ca and Ba showed notable enrichment while Fe and Mg have very low mass 
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Table 5.4 - Major and trace element analyses of alteration zones in Fossey. 
 
Least-
altered 
Andesite* 
Quartz-
Sericite-
Pyrite 
Sericite-
Quartz-
Pyrite 
Sericite-Chlorite-
Carbonate-Pyrite 
Weak 
Chlorite-
Sericite 
Albite 
Analyses 6 8 8 3 4 3 
SiO2 (%)                60.23 71.94 56.06 54.60 59.43 59.83 
TiO2 (%)                 0.545 0.356 0.583 0.538 0.605 0.523 
Al2O3 (%)                14.67 9.50 16.40 16.10 16.38 14.33 
Fe2O3 (%)                7.43 7.02 7.09 6.02 5.83 9.61 
MnO (%)                  0.13 0.03 0.14 0.25 0.10 0.15 
MgO (%)                  3.91 0.94 2.07 4.07 2.74 3.81 
K2O (%)                  1.10 2.88 5.18 4.24 3.60 0.62 
CaO (%)                  3.65 0.24 3.35 4.85 3.02 1.65 
Na2O (%)                 3.89 0.05 0.21 0.07 1.82 4.54 
P2O5 (%)                 0.13 0.04 0.10 0.08 0.13 0.06 
BaO (%) 0.0705 0.7075 0.4547 0.1292 0.0892 0.0620 
LOI (%)                 4.15 5.33 7.58 6.89 5.84 4.68 
Sum 99.91 99.02 99.20 97.83 99.58 99.88 
S (%) 0.05 5.42 3.98 2.79 0.97 2.54 
Cr (ppm)                  104 188 121 147 125 258 
Sc (ppm)                                    23 14 24 25 26 22 
V (ppm)                                     175 118 194 203 199 163 
Ba (ppm)                                    717 6334 4071 1157 799 555 
Be (ppm)                                    2 1 2 3 2 2 
Ce (ppm)                                    53 38 60 52 70 78 
Co (ppm)                                    35 18 23 38 24 33 
Cs (ppm)                                    1 5 6 7 4 
 
Ga (ppm)                                    17 9 15 14 16 13 
Hf (ppm)                                    3 1 3 2 3 2 
La  (ppm)                                   26 20 30 27 36 42 
Y (ppm)                                     23 12 23 21 23 18 
Zr (ppm)                                    123 66 106 93 114 105 
Rb (ppm)                                    40.1 105.6 187.5 165.0 137.5 19.0 
Sb (ppm)                                    1 19 22 7 9 25 
Sr (ppm)                                    253 58 95 58 83 248 
Th (ppm)                                    11.2 5.5 8.9 7.5 9.6 9.5 
Tl (ppm)                                    0.6 8.0 8.6 3.6 2.4 2.0 
U (ppm)                                     2.8 2.2 3.0 2.3 3.8 5.0 
Nd (ppm)                                    21 15 26 21 31 30 
As (ppm)                                    12 178 268 115 41 84 
Cu (ppm)                                    49 68 69 58 83 90 
Ni (ppm)                                   35 19 25 35 26 58 
Pb (ppm)                                    325 1582 86 93 48 98 
Zn (ppm)                                    290 1634 114 185 219 187 
Ti/Zr 27.1 32.6 33.1 35.2 31.8 30.6 
Alt Index 39.9 92.9 67.1 62.8 56.7 41.7 
*Least-altered andesite from previous research samples: HL541-6, HL541_748 and HL541_828 
(Stanley and Gemmell, 1997), MAC17-9 (Gemmell and Fulton, 1998), and HL46903 (Tomes, 2011). 
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Figure 5.44: Isocon diagrams illustrating the gains and losses of major and trace elements from the 
main alteration zones at Fossey.  The n(i)[altered]/[unaltered] value is a scaled value of the 
altered/unaltered ratio used by Huston (1988) to produce a graphically simpler isocon diagram from 
Grant’s (1986) method. Red data points show the least mobile elements. 
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gain or loss.  Outside the main alteration pipe, the weak chlorite-sericite-carbonate zone shows mass 
gains in Rb and K and overall mass loss in Mn, Mg, Ca, Na, Ni, Co and Th.  In the albite zone, the rocks 
are enriched in Cr, Na, and Ni and depleted in K, Ca, P, Ba and Th.  Elements that show the least 
mobility in these alteration zones compared to the least-altered andesites are Y, Zr, Al, Ti, V and Sc.  
Chromium, Ni, Co and Th show variable mobility and immobility. 
 
At Fossey East, the alteration zones are chlorite-pyrite, quartz-sericite-pyrite±K-feldspar, K-
feldspar-quartz-sericite-pyrite, and sericite-chlorite-carbonate-pyrite (Chapter 4, Figure 4.34).  Due 
the presence of andesitic and basaltic compositions in the footwall, the isocon diagrams for these 
alteration zones have been produced using two different least-altered host rock compositions.  The 
whole-rock analyses of the intense chlorite-pyrite and quartz-sericite-pyrite alteration zones are 
compared with the same least-altered andesite analyses as Fossey (Table 5.4) while the K-feldspar-
quartz-sericite-pyrite and sericite-chlorite-carbonate-pyrite alteration zones are compared to a least-
altered sample with a more basaltic composition (Table 5.5).   
 
Isocon diagrams of the Fossey East alteration zones show that the intense chlorite-pyrite 
alteration is marked by strong Ba, Mg, Fe, Mn and Rb mass gains with Ca, Na, and lesser Ni, Co, Th 
mass losses (Figure 5.45).  Quartz-sericite-pyrite±K-feldspar alteration is associated with Ba, K, Si and 
Sc gains as well as Na, Mg, Ca, Mn, Ni, Co and Th losses.  In the more basaltic rocks, the K-feldspar-
quartz-sericite-pyrite alteration zone is strongly enriched in Ba, K, Rb and lesser Si and depleted in 
Na, Ca, Ni, Mg, Mn and Cr.  Sericite-chlorite-carbonate-pyrite alteration has K, Mg, Mn and minor Ba 
mass gains coupled with Na, Ni, P and Ca mass losses.  Elements that are considered the least mobile 
in the Fossey isocon diagrams are also relatively immobile with the exception of Sc in the quartz-
sericite-pyrite zone.  These immobile elements (Y, Zr, Al, Ti, V and Sc) show slightly more deviation 
from the isocon in the K-feldspar-quartz-sericite-pyrite and sericite-chlorite-carbonate-pyrite isocon 
diagrams, suggesting that the least-altered basalt analysis used for the isocon method is not as 
comparable with the original composition of the host rock as the least-altered andesite analyses used 
for the other alteration zones.  This is an inherent problem from the reality that exploration drilling 
does not routinely intersect unaltered basaltic footwall rocks and thus there are a very limited 
number of ideal geochemical analyses available for element mobility investigations.  Ideal 
geochemical analyses are typically those that have been generated from research studies because 
the analytical methods used tend to have more reliable geochemical results, albeit less number of 
elements analysed, compared to those generally analysed for exploration (see Chapter 5 for 
comparison of geochemical analyses). 
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Previous VHMS alteration studies have found that Al, Ti, Sc, the high field strength elements 
(Zr, Nb, Y, Hf, Ta, Th) and the transition metals (Ni, Cr, V) to be immobile during strong hydrothermal 
alteration (Crawford et al., 1992; MacLean and Barrett, 1993).  In Fulton’s (1999) study of the 
hanging wall rocks at Hellyer, he concluded that  Zr, Ti, Y, Nb, La, Ce, Sc, Al and Th are immobile.  The 
mobility pattern was unclear for V, but both Ni and Cr are mobile in the Hellyer alteration system.  
Not all of these elements are available for a direct comparison, but in general, Y, Zr, Al, Ti, V and Sc 
tends to be immobile in the Fossey and Fossey East alteration zones with Cr, P and Th showing some 
variations that may be effects of host rock compositions.   
 
Element mobility calculation was not performed at Mount Charter because the majority of 
the available geochemical data have already been acquired by Bass Metals using a four-acid digestion 
method and the sample pulps were not re-analysed for this thesis.  The Bass Metals procedure does 
not quantify the amount of SiO2 and reports variable Ba concentrations due to incomplete 
dissolution of barite (see Appendix V).  This affects most of the samples at Mount Charter and thus 
isocon diagrams were not constructed using the Mount Charter samples.  However, it can be 
deduced from the abundant K-feldspar alteration and associated sericite at Mount Charter that there 
will be K, Rb and Ba mass gains similar to Fossey and Fossey East.    
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Table 5.5 - Major and trace element analyses of alteration zones in Fossey East. 
 
Least-
altered 
Andesite* 
Intense 
Chlorite-
Pyrite 
Quartz-
Sericite-
Pyrite  
Least-
altered 
Basalt** 
K-feldspar-
Quartz-Sericite- 
Pyrite 
Sericite-Chlorite-
Carbonate-Pyrite 
Analyses 6 2 5 1 5 4 
SiO2 (%)                 60.23 19.15 66.90 56.13 60.80 54.78 
TiO2 (%)                 0.545 0.530 0.384 0.662 0.550 0.553 
Al2O3 (%)                14.67 12.07 11.66 14.89 13.48 16.65 
Fe2O3 (%)                7.43 24.65 7.01 8.16 9.40 8.90 
MnO (%)                  0.13 0.25 0.06 0.18 0.04 0.20 
MgO (%)                  3.91 10.72 1.39 3.23 0.94 4.33 
K2O (%)                  1.10 1.14 3.62 1.25 6.38 3.98 
CaO (%)                  3.65 0.25 1.60 5.23 0.62 2.51 
Na2O (%)                 3.89 0.03 0.30 4.66 0.31 0.62 
P2O5 (%)                 0.13 0.12 0.08 0.24 0.13 0.09 
BaO (%) 0.0705 0.2061 0.2207 0.1350 0.7340 0.1629 
LOI (%)                  4.15 17.50 6.32 4.92 6.50 7.36 
Sum 99.91 86.61 99.56 99.68 99.88 100.13 
S (%) 0.05 19.75 4.87 0.08 6.86 3.08 
Cr (ppm)                  104 140 136 232 37 119 
Sc (ppm)                                    23 20 23 N/A 21 35 
V (ppm)                                     175 160 148 241 240 249 
Ba (ppm)                                    717 1845 1976 1385 6571 1459 
Be (ppm)                                    2 1 1 N/A 1 2 
Ce (ppm)                                    53 39 29 N/A 40 50 
Co (ppm)                                    35 25 15 N/A 25 30 
Cs (ppm)                                    1 4 5 N/A 4 8 
Ga (ppm)                                    17 19 11 N/A 12 17 
Hf (ppm)                                    3 3 2 N/A 2 3 
La  (ppm)                                   26 19 15 N/A 20 25 
Y (ppm)                                     23 17 14 31 18 20 
Zr (ppm)                                    123 90 71 108 65 81 
Rb (ppm)                                    40.1 43.5 116.0 36.0 168.0 145.0 
Sb (ppm)                                    1 331 10 N/A 26 10 
Sr (ppm)                                    253 25 50 351 87 54 
Th (ppm)                                    11.2 8.3 6.0 N/A 6.3 7.0 
Tl (ppm)                                    0.6 5.3 4.3 N/A 5.8 3.7 
U (ppm)                                     2.8 2.5 1.9 N/A 2.3 2.1 
Nd (ppm)                                    21 17 14 N/A 20 21 
As (ppm)                                    12 1775 189 6 311 75 
Cu (ppm)                                    49 3318 45 105 278 99 
Ni (ppm)                                   35 22 18 255 21 41 
Pb (ppm)                                    325 33835 345 115 707 70 
Zn (ppm)                                    290 78908 573 350 3667 179 
Ti/Zr 27.1 34.7 32.4 36.8 50.3 42.1 
Alt Index 39.9 97.7 72.4 31.1 88.7 72.7 
*Least-altered andesite from same source as Table 4.1. 
**Least-altered basalt from HL306 sample no. 647 (Gemmell, 1989); N/A = not analysed. 
Chapter 5: Whole-rock Geochemistry _____________________________________________  
 
194 
 
 
 
Figure 5.45: Isocon diagrams illustrating the gains and losses of major and trave elements from the 
main alteration zones at Fossey East.  The intense chlorite-pyrite and quartz-sericite-pyrite alteration 
zones are compared geochemically with a least-altered andesite composition while the K-feldspar-
quartz-sericite-pyrite and sericite-chlorite-carbonate-pyrite alteration zones are compared to a more 
basaltic composition.  The n(i)[altered]/[unaltered] value is a scaled value of the altered/unaltered 
ratio used by Huston (1988) to produce a graphically simpler isocon diagram from Grant’s (1986) 
method.  Red data points show the least mobile elements. 
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Chapter 6 – Short Wavelength Infrared Spectrometry (SWIR) and 
Mineral Chemistry  
 
 
6.0 Introduction 
 
Hydrothermally altered zones related to VHMS deposit include discordant, pipe-like footwall 
alteration, stratabound or semi-conformable footwall zones and altered hanging wall zones (Galley, 
1993; Morton and Franklin, 1987).  The reaction of hydrothermal fluids with volcanic rocks leads to 
the breakdown of feldspars and volcanic glass by the hot, mildly acidic to neutral fluids results in the 
deposition of alteration minerals that are progressively zoned away from the hydrothermal system.  
White mica (sericite) and chlorite are important alteration minerals that are commonly analysed to 
determine how their compositions vary with proximity to mineralisation (MacLean and Kranidiotis, 
1987; MacLean and Hoy, 1991; Gemmell and Fulton, 2001; Paulick et al., 2001; Hannington et al., 
2003; Bradshaw et al., 2008).  Since they are also significant hosts to a number of minor and trace 
elements, such as Li, Rb, Cs, Ba, V, Cr, Co, Ni, F and Cl (Fleet, 2003; Deer et al., 2009), their 
compositional diversity provides a great opportunity to track the gradients and changes in alteration 
fluid chemistry during formation.   
 
The development of portable SWIR spectrometer has made field mapping of white mica and 
chlorite species very efficient and inexpensive.  SWIR spectra record the vibrational energy of 
molecular bonds within the 1300-2500 nm range of the electromagnetic spectrum and the observed 
absorption feature (in wavelength) represents the vibrational frequency of a particular molecular 
bond.  SWIR spectroscopy is particularly sensitive to -OH, -NH4, -CO3 radicals, H2O molecules and 
cation-OH bonds such as Al-OH, Mg-OH and Fe-OH, which are present in phyllosillicates and clays 
(Thompson et al., 1999).  Minerals can be distinguished using distinctive absorption features such as 
wavelength position, intensity and shape of absorption troughs, and the overall shape of the entire 
spectrum.  Compositional differences, such as Al content of muscovite and Fe/Mg ratio of chlorite, 
can be detected instantaneously in the field and a large amount of data can be collected in a 
relatively short time in a very consistent manner, independent of geologist bias.  It is an important 
technique that is commonly discussed in VHMS vectoring studies (Huston et al., 1999; Thompson et 
al., 1999; Herrmann et al., 2001; Jones et al., 2005; Hinchey, 2011; Yang et al., 2011). 
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This chapter presents analytical and SWIR data from muscovite and chlorite samples from 
the Que-Hellyer district.  The composition of secondary K-feldspar is also investigated in regards to its 
trace element content with respect to muscovite.  Quantitative major element compositions were 
determined using electron microprobe analyser (EMPA) and trace elements by laser ablation ICP-MS.  
The results of regional SWIR and whole-rock geochemical data are compared and discussed in terms 
of the implications to exploration.   
 
 
6.1 Previous Work 
  
The use of white mica chemistry has been demonstrated at a number of VHMS deposits.  
Many massive sulfide deposits contain high Fe+Mg (phengitic) mica in the footwall alteration halo 
compared to background wall rocks (Bradshaw et al., 2008; Herrmann et al., 2001; Jones et al., 2005; 
Yang et al., 2011).  At other deposits, phengitic mica is more dominant in the more distal alteration 
assemblages (Monecke et al., 2001; Goodfellow, 2007).  In some cases, the Fe/(Fe+Mg) ratios in 
white mica correlate with that of coexisting chlorite (Hannington et al., 2003).  
 
Chlorite is the most commonly studied hydrothermal mineral in ancient VHMS deposits with 
Fe/Mg ratios showing variations in relation to proximity to massive sulfide mineralisation (Urabe et 
al, 1983; MacLean and Kranidiotis, 1987; Galley, 1995; Franklin, 1997).   High Fe/(Fe+Mg) chlorite is 
typically more prevalent proximal to mineralisation, with lower Fe/(Fe+Mg) chlorite occurring in less 
altered rocks (MacLean and Hoy, 1991; Hannington et al., 2003; Goodfellow, 2007).  Other VHMS 
deposits have reported Mg-rich chlorite near mineralised rocks with increasing Fe/(Fe+Mg) ratios 
away from footwall alteration (Hattori and Sakai, 1979; MacLean and Kranidiotis, 1987; Paulick et al., 
2001; Jones et al., 2005).  This pattern is presumably an effect of seawater entrainment into the 
feeder zone (Large, 1992; Gifkins et al., 2005).  In the MRV, the Hellyer and Rosebery massive sulfide 
mineralisation are associated with Mg-rich chlorite and more Fe-rich chlorite are found away from 
the deposit (Jack, 1989; Gemmell and Fulton, 2001; Large et al., 2001b).    
 
Alteration mineral chemistry of the Hellyer and Que River deposits has been examined by a 
number of previous studies.  Chlorite chemistry was studied by Jack (1989), Offler and Whitford 
(1992), Fulton (1999), Gemmell and Fulton (2001), Elstow (2011) and mica by Offler and Whitford 
(1992), Yang et al. (1997), Fulton (1999), and Yang et al. (2011).  Composition of secondary K-feldspar 
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is not as well studied but its elevated Ba compositions have been reported in several studies 
(McArthur, 1996; Yang et al., 1997; Fulton, 1999). 
 
In the Hellyer hanging wall alteration halo, there is a distinct, bright green mica that is 
commonly referred to as “fuchsite”.  The Cr2O3 contents of white mica from the hanging wall plume 
vary from 0.0 to 1.11% and microprobe analyses of 123 mica samples indicate that only relatively 
small amounts of Cr substitution is required to produce the bright green colour (Jack, 1989; Fulton, 
1999).  The source of Cr in both chlorite and mica is most likely the alteration of Cr-rich 
clinopyroxenes at the Hellyer deposit (Gemmell and Fulton, 2001).  Both Cr and Ba contents of mica 
samples tend to increase from distal towards the hanging wall plume but no obvious trends were 
identified in Mn, Na, Ca, Sr, Zn, and Cl concentrations of micas between altered and unaltered 
samples (Gemmell and Fulton, 2001).  Micas from the hanging wall sericite and fuchsite alteration 
zones range from muscovite, Si/Al = 3/1 to phengite, Si/Al = 7/1 with Fe2+ and Mg2+ substitution for 
octahedral Al (viAl) (Fulton, 1999). 
 
The composition variation of white mica at Hellyer was discussed by Yang et al. (2011) using 
SWIR data.  The location and the intensity of the Al-OH band wavelength were used to determine the 
viAl content and the abundance of white mica.  Whole-rock samples from the Hellyer footwall contain 
mica with wavelengths between 2192 and 2222 nm, which corresponds to a range of viAl contents 
between 3.9 and 3.0.  Such viAl values cover most of the compositional variation for K-rich white 
micas from muscovite, viAl = 4.0 to phengite, viAl = 3.0.  While both muscovitic and phengitic white 
mica are present within the stringer zone, the centre of the stringer zone is dominated by long 
wavelength white mica and the margin of the stringer zone and stringer envelop zones are 
dominated by low wavelength white mica (Yang et al., 2011).  Compared to the footwall rocks, white 
mica in the altered hanging wall basalts has shorter Al-OH wavelength and are less abundant, 
suggesting weaker hydrothermal alteration of the hanging wall basalts (Yang et al., 2011). 
 
Compilation of chlorite chemical data from the Hellyer deposit by Gemmell and Fulton (2001) 
show that footwall chlorites in the chlorite, chlorite-carbonate, and siliceous core zones are relatively 
Mg-rich (Fe/(Fe+Mg) = 0.12-0.65) and that chlorites from the andesites outside the stringer zone are 
relatively Fe-rich (Fe/(Fe+Mg) = 0.36-0.60).  Chlorites from the hanging wall chlorite-carbonate zone 
are both Mg- and Fe-rich with Fe/(Fe+Mg) ratios between 0.25 and 0.55.  In unaltered basalts distal 
to the hanging wall plume, chlorites are richer in Fe with Fe/(Fe+Mg) ratios between 0.49 and 0.65.  
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Chlorites from the hanging wall plume show high levels of chromium (up to 2.44% Cr2O3) compared 
to chlorites from unaltered basalts (<0.5% Cr2O3). 
 
LA-ICPMS analyses of chlorites indicate that there are some systematic trends in the trace 
element content of chlorite.  A study by Elstow (2011) on chlorite from Hellyer indicates that there is 
a general increase in Ca, Sc, Cr, Li, Sr, Zr, Y, Sb, La, Ce, Nd, Ag, Au, Pb, Th and V concentrations and a 
general decrease in Al, Cs, Ti, Mn, Pb, Sn, Y, and Zn concentrations towards the deposit. 
Concentrations of Co varied inconsistently between N-S and W-E transects through the deposit.  
Trace element trends are more evident in the strongly altered andesitic footwall rocks than the 
basaltic hanging wall rocks (Elstow, 2011). 
 
  At Que River, hydrothermal white mica alteration is characterised by muscovite and an illitic 
mixture of muscovite, phengite and pyrophyllite (Offler and Whitford, 1992).  Chromium-bearing 
mica (>1% Cr2O3) are present in the altered hanging wall volcaniclastic rocks, stratigraphically above 
the major zones of mineralisation.  Metamorphic white micas are more phengitic and occur with 
pyrophyllite.  Offler and Whitford (1992) did not find systematic trends in Mg/(Mg+Fe) ratios toward 
mineralisation, but noted a decrease in Na and phengite component in white mica with increasing 
alteration intensity.  Hydrothermal and metamorphic chlorites are both Fe-rich and Mg-rich and their 
Mg/(Mg+Fe) ratios do not show significant trends.  However, metamorphic chlorites in rocks that 
have not undergone hydrothermal alteration are more Fe-rich and viAl-poor, suggesting that the 
Tschermak substitution was in effect during hydrothermal alteration (Offler and Whitford, 1992) (see 
Section 6.2.2 for chlorite mineral chemistry background). 
 
In addition to white mica and chlorite, hydrothermal K-feldspar has also been identified at 
Hellyer and Que River.  The gold enriched parts of the Que River stringer zone are characterised by 
the presence of solid inclusion-rich potash feldspar that is not observed elsewhere in the stringer 
zone (McGoldrick and Large, 1992; Large et al., 2001a).  At Hellyer, a K-feldspar enriched zone was 
also found in the strongly altered footwall rocks but it does not contain elevated gold contents (Yang 
et al., 1997).   Those K-feldspar samples contained various amounts of BaO, from 0.1-7.6 wt%.  Rare, 
fine grained K-feldspar has also been observed in the hanging wall quartz-albite alteration zone.  
Fulton reported SrO contents of 0.1-0.3 wt% and BaO contents of 0.11-5.58 wt% (Fulton, 1999).  Even 
higher Ba contents in K-feldspar (up to 14.8 wt% Ba) were documented by McArthur (1996) in the 
massive sulfide body.  Although K-feldspar alteration cannot be detected directly by SWIR 
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spectroscopy, a comparison of whole-rock K2O concentrations or molar K/Al ratios with SWIR data 
can be used to estimate the presence of K-feldspar (Yang et al., 1997, 2011). 
 
 
6.2 Mineral Chemistry Background 
6.2.1 Muscovite  
 
Muscovite is the most common white mica and it occurs in a wide range of geological 
environments, most importantly in acid plutonic igneous rocks, low- and medium-grade metapelites 
and potassic hydrothermal alteration (Fleet, 2003).  The ideal formula defined by Rieder et al. (1998) 
for muscovite can be written as follows, with values in atoms per formula unit (apfu): 
 
K viAl2□ ivAlivSi3 O10(OH)2 
K = 0.7-1.0 (interlayer cation or K site) 
    viAl = 1.9-2.0 (octahedral layer cation or  viAl site) 
    
ivSi = 3.0-3.1 (ivAlivSi3 = tetrahedral layer cation, or  
ivAl site) 
    □ = vacancy in the interlayer cation site 
    OH = anion site 
 
 The basic structural feature of mica is a composite layer of tetrahedral-octahedral-
tetrahedral sheets that are separated from adjacent layers by planes of non-hydrated interlayer 
cations (Rieder et al., 1998).  Muscovite is classified as a true K-mica as its interlayer cation is 
dominated by K.  Phengite is a solid solution series name between end members muscovite and 
celadonite, K(Fe3+,Al) (Mg,Fe)Si8O10(OH)2 (Mcleod and Stanton, 1984; Rieder et al., 1998).  Illite is 
interlayer cation deficient mica that commonly coexists with muscovite. 
 
Major and trace element substitutions can occur in the interlayer, tetrahedral, and 
octahedral sites within the mineral structure of muscovite (Table 6.1).  The Tschermak substitution is 
common, involving a coupled substitution in the octahedral (vi) site of Al3+ by Fe2+ and/or Mg2+ and in 
the tetrahedral (iv) site of Al3+ by Si4+.  The exchange was first described in chlorite (Tschermak, 1890, 
1891) but it also occurs in muscovite, illite, biotite, amphibole, talc and clinopyroxene.  In muscovite, 
it is sometimes referred to as the phengitic substitution as muscovite becomes increasingly more 
phengitic in composition. 
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Trace element concentrations in muscovite can vary remarkably with paragenesis (Fleet, 
2003).  The common trace element constituents of muscovite include Li, Rb, Cs, NH4
+, Sr, Ba, Cr, and 
V.  Other trace elements such as Tl, Be, Ga, Zn, Sn are also recorded.  Thallium is of particular interest 
because hydrothermal alteration frequently leads to Tl enrichment and in some instances, micas 
seem to be the main Tl carriers (Wedepohl, 1978).  A recent LA-ICPMS study on the distribution of Tl 
in at Rosebery found that white micas in the altered rocks contain 2-380ppm Tl, with a strong 
correlation between whole-rock Tl and white mica composition (McNeill, 2010). The study did not 
find systematic trends between Tl content of the micas and proximity to ore; however, it indicated 
that white mica composition is a significant factor that affects the overall Tl content in whole-rock 
analyses. 
 
EPMA analyses show that Ba-rich and/or Cr-rich phengitic mica are often associated with 
massive sulfide mineralisation (Gemmell and Fulton, 2001; Large et al., 2001c; Bradshaw et a., 2008).  
Other trace elements such as Zn and V in white mica are also enriched to various levels (Large et al., 
2001a; Jones et al., 2005).   LA-ICPMS data for white mica are more common in porphyry studies.  In 
the Yerington district (Nevada, USA), muscovite and illite are major hosts for Ba, Rb and Tl and partial 
hosts for W and Sn contents observed in whole-rock geochemical analyses (Cohen, 2012).  A similar 
study from the Highland Valley porphyry deposit (BC, Canada) shows that Cs, Rb, and Tl are largely 
hosted with muscovite and that their concentrations in whole-rock analyses may be used to 
determine the abundance of muscovite (Alva Jimenez, 2011).   
 
SWIR spectrometry can be used to map the Tschermak component in muscovite and many 
VHMS alteration studies have demonstrated the use of SWIR spectrometry to identify the phengite 
component of white mica (Thompson et al., 1999; Herrmann et al., 2001; Jones et al., 2005).  
Muscovite and other white micas have a characteristic SWIR absorption feature around 2200nm. The 
absorption wavelength of the Al-OH feature varies as the solid solution chemistry of the mica 
changes.  Paragonite has a minimum around 2190 nm and muscovite around 2195 nm.  As Fe and/or 
Mg substitutes for octahedral Al, the Al-OH absorption wavelength becomes progressively longer, up 
to around 2220 nm for phengite. 
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Table 6.1 - Common major and trace element substitutions in muscovite 
Substitution  Species Formula Remarks 
Interlayer cation: K+   
K+ = Na+ Paragonite NaAl2[AlSi3O10](OH)2 Na-rich end member to 
muscovite 
K+ = Ca+ Margarite CaAl2[AlSi3O10](OH)2 Ca-rich end member to 
muscovite 
K+ = Ba2+  Ba0.5((Na,K)0.5Al2[Al1.5Si2.5O10](OH)2 Commonly 600-9000 ppm 
Ba; but can up to 11.4% 
BaO in Ba-dominant 
muscovite 
K+ = Rb+, Cs+, Sr2+, Tl+  Rb 800-4000 ppm; Cs 100-
1000; SrO up to 1.3%; Tl 
1.5-3.7 ppm, up to 200 
ppm 
K+ = NH4
+   40-600 ppm 
K+ = □ Illite  Interlayer cation-deficient 
mica 
Tetrahedral cation: ivAl   
ivAl3+ = Si4+   Charge balance coupled 
with interlayer/octahedral 
cation substitutions 
Octahedral cation: viAl   
viAl3+ + ivAl3+ = (Fe2+, Mg2+) + Si4+  K2Al3(Mg,Fe)(AlSi7O20)(OH)4 Phengitic substitution 
viAl3+ = Fe3+  K2Fe4(Al2Si6O20)(OH)4 Ferrimuscovite substitution 
Al3+ = Cr3+ (Fuchsite)  Commonly trace amounts, 
but up to 6% Cr2O3; 
chromphyllite is Cr-rich end 
member to muscovite 
Al3+ = Li+ Lepidolite K (Li,Al)3[(Si,Al)4O10](F,OH)2 Commonly <0.1 wt%; 
lepidolite if Li2O > 3.6% 
Al3+ = Ti4+   600-9000 ppm 
Al3+ = Mn3+   Commonly <1% MnO, up to 
4% 
Al3+ = V3+ Roscoelite K V2[AlSi3O10](OH)2 Commonly <5-220 ppm V; 
V-rich end member is 
roscoelite; Al and V 
inversely correlated in 
octahedral position 
Al3+ = Ni2+   10-30 ppm, up to 2% NiO in 
Cr-rich muscovite 
Anion: (OH)    
(OH)- =  □   Vacancies 
(OH)- =  F-, Cl-   Minor substitution 
Compiled from Wedepohl (1978), Bailey (1984), Meunier (1994), Guidotti and Sassi (1998), Fleet 
(2003) and Deer et al.  (2013). 
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6.2.2 Chlorite  
 
 Chlorite occurs in low-grade regionally metamorphosed rocks, high pressure white schists, 
hydrothermal altered igneous rocks, and in argillaceous sedimentary rocks with clay minerals (Deer 
et al., 2009).  The term chlorite is used to describe intermediate compositions in the common and 
widespread clinochlore-chamosite solid solution series.  The structure of common chlorites consists 
of alternating negatively charged tetrahedral-octahedral-tetrahedral (2:1) layers with positively 
charged brucite-like layers.  The 2:1 talc-like layers have a composition of M6T8O20(OH)4 and the 
brucite-like layers M6(OH)12, where M and T represent octahedral and tetrahedral sites, respectively.  
Most chlorite compositions can be represented by the following formula in apfu (Foster, 1962; Deer 
et al., 2009): 
 
vi(R2+,R3+)12 Si8-x 
ivR3+x O20(OH)16 
R2+ = Mg, Fe, Mn, Ni, Zn 
R3+ = Al, Fe, Cr 
x ≈ 1 -3 
 
For most common chlorites, there are 12 octahedral cations per O20(OH)16 and approximately 
equivalent amounts of Al in the tetrahedral and octahedral sites (Deer et al., 2009).  These chlorites 
are classified as tri-octahedral chlorites.  The Mg-Fe substitution occurs over a very wide range and 
natural tri-octahedral chlorites can be approximated as a binary combination of clinochlore, 
(Mg10Al2)(Si6Al2O20)(OH)16, and chamosite (Fe
2+
10Al2)(Si6Al2O20)(OH)16 end-members (Deer et al., 
2013).  A wide range of substitutions can occur in both layers, Si being replaced by Al, and Mg in both 
layers being replaced by Al and/or Fe and other cations.  The common major and trace element 
substitutions are summarised in Table 6.2. 
 
The main composition variations in chlorites, in mostly low grade metamorphic rocks, can be 
described by three important cation exchanges: Fe/Mg ratio, the extent of the Tschermak 
substitution, and the di-octahedral substitution 2Al3+ = 3Mg2+, which produces one vacancy in the 
octahedral layer (Zane et al., 1998).   Temperature and pressure affect chlorite compositions to some 
extent, but bulk rock composition is clearly the most dominant control (Zane et al., 1998).  A 
comparative study by Shikazono and Kawahata (1987) shows that values of Fe2+/(Fe2++Mg) in chlorite 
from ore deposits are more variable than chlorites from altered rocks of geothermal systems.  The 
variations in Fe2+/Mg ratio of chlorite form Kuroko VMS and Neogene hydrothermal Cu-Pb-Zn vein 
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rocks are strongly controlled by the composition, pH and temperature of the hydrothermal fluids and 
the mixing of fluid phases at discharge zones.  In contrast, the Fe2+/Mg contents of chlorite from 
active and ancient geothermal systems are positively correlated to the composition of the host rock 
(Shikazono and Kawahata, 1987).   
 
Table 6.2 - Common major and trace element substitutions in chlorite 
Substitution  Species Formula Remarks 
Tetrahedral cations: Si4-xAlx (x≈3)  
ivAl3+ = Si 4+   
ivAl3+ = B3+ Borocookeite Li2+6xAl8-2x(B2Si6O20)(OH,F)16 B-rich cookeite; Li2O up to 
4.6%, B2O3 up to 4% 
Octahedral cations: R2+,R3+)   
R2+ = Mg2+ 
(Fe2+ = Mg2+) 
Clinochlore Mg6(Mg4Al2)(Si6Al2O20)(OH)16 Clinochlore-chamosite solid 
solution series 
R2+ = Fe2+ 
(Mg2+ = Fe2+) 
Chamosite Fe2+6(Fe
2+
4Al2)(Si6Al2O20)(OH)16 Clinochlore-chamosite solid 
solution series 
viAl3+ + ivAl3+ = (Fe2+, Mg2+) + Si4+  Tschermak substitution  
R2+ = Mn2+ Pennantite Mn2+6(Mn
2+
4Al2)(Si6Al2O20)(OH)16 Uncommon Mn equivalent 
of chamosite; most chlorites 
have small amounts of Mn, 
~0.50% MnO, up to 1.5%  
Mg2+ = Ni2+ Nimite (Mg,Ni)6(Ni4Al2)(Si6Al2O20)(OH)16 Ni-bearing clinochlore 
R2+ = Zn2+ Baileychlore Zn6(Fe
2+
4Al2)(Si6Al2O20)(OH)16 Zn end member of 
trioctahedral chlorite series; 
28-30% ZnO 
R2+ = Na+ Glagolevite Na2(MgAl)12(Si6Al2O20)(OH)16 Na-rich trioctahedral 
3Mg2+ =2Al3+   Deviation from trioctahedral 
to dioctahedral chlorite 
R2+ = Li+ Cookeite Al4(Li2Al4)(Si6Al2O20)(OH)16 Di-trioctahedral; 3-4% Li2O 
R3+ = Al3+, Mg2+ Sudoite Al4(Mg4Al2)(Si6Al2O20)(OH)16 Di-trioctahedral 
R3+ = Al3+ Donbassite Al4(Al4.67)(Si6Al2O20)(OH)16 Di-dioctahedral 
Fe3+ = Cr3+   Cr-rich clinochlore 
Al3+ = V3+   Al and V inversely correlated 
in octahedral position 
R2+ = Ti4+    
Anion: (OH)    
OH- = F-, Cl-   Minor; F up to 0.7 % 
Compiled from Foster (1962), Bayliss (1975), De Caritat et al. (1993), Meunier (1994), and Deer et al. 
(2009, 2013). 
 
 
Many massive sulfide deposits have reported Mg-rich chlorite near mineralised rocks (Jones 
et al., 2005) while others have Fe-rich chlorite more proximal to ore (Hannington et al., 2003).  The 
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enrichment in Fe-rich chlorite around massive sulfide mineralisation is likely due to the sealing of the 
inner parts of the feeder zone from seawater influx and the alteration by the undiluted end member 
hydrothermal fluid flow in the core of the feeder zone.  On the other hand, the enrichment of Mg-
rich chlorite is presumably the entrainment of seawater into the feeder zone core (Gifkins et al., 
2005). 
 
Lithium is common in Al-rich chlorites (di-trioctahedral and di-dioctahedral) and many Li-Al 
chlorites are associated with hydrothermal alteration zones (Deer et al., 2009).  For common rock-
forming chlorites, the incorporation of large cations such as Na and Ca is unlikely,  but limited Ca-
bearing tri-dioctahedral and Na-rich trioctahedral chlorites do exist (Bailey, 1988).  Potassium does 
not occur in any significant amounts, but ordered to random interstratifications with mica and other 
layered silicates such as serpentine, kaolinite, talc, vermiculite, and smectite do occur (Deer et al., 
2013). 
 
LA-ICPMS analyses on chlorite are also more widely used in porphyry deposit studies 
compared to VHMS deposits.  The porphyry studies show that chlorite is an important host to Li, Mn, 
Zn, and Co  and that the trace elements V, Zn and Mn in chlorite tend to decrease away from the 
centre of the deposit (Alva Jimenez, 2011; Cohen, 2012).   
 
Chlorite spectra have diagnostic Fe-OH and Mg-OH absorption features that occur around 
2235-2255 nm and 2320-2360 nm, respectively.  The wavelength of these absorption features 
increase with increasing iron content of chlorite (McLeod et al., 1987; Pontual et al., 1997).  
However, the secondary Al-OH feature in white mica is close to the Mg-OH feature, making the Fe-
OH feature more likely to be reliable indicator of chlorite composition that Fe-OH when both 
minerals are present (Figure 6.1)(Herrmann et al., 2001). 
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Figure 6.1: Characteristic SWIR absorption features of muscovite, chlorite, and co-existing 
muscovite-chlorite spectra (in hull quotient).  Modified after Herrmann et al.  (2001). 
 
 
6.2.3 Potassium Feldspar 
 
K-feldspar is widespread and common in a wide variety of igneous and metamorphic rocks 
and in some sedimentary rocks. Its chemistry and atomic arrangement are variable, so optical 
properties and diffraction contrasts can be irregular and complex.   The three principle varieties of K-
feldspar are microcline (low temperature), orthoclase (medium temperature), sanidine (high 
temperature). Other rare, related feldspar varieties include adularia and anorthoclase.   
 
Many publications focus on the composition of K-feldspar as a primary mineral and not as an 
alteration mineral.  K-feldspar is a common alteration mineral in porphyry systems as orthoclase in 
potassic alteration and in epithermal systems as adularia in lower temperature potassic alteration.  
Adularia is a low-temperature K-feldspar with a distinctive 110 habit, leading to an orthorhombic 
appearance.  This habit is characteristic of feldspars growing in low temperature and moderately 
alkaline environments such as veins and during digenesis (Deer et al., 2013).  The habit also defines 
subgrains in feldspars that have undergone replacement reactions and the state of ordering varies 
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from place to place within individual crystals, which leads to gradational optical properties and 
diffuse spots in single crystal X-ray or electron diffraction (Deer et al., 2013). 
 
The structure of K-feldspar contains tetrahedra of (Si,Al)O4 linked to one another by shared 
oxygens in all directions (Taylor, 1933; Deer et al., 2001).   The network of tetrahedra rings is 
complicated and often very distorted, but the resultant framework of tetrahedra has large interstices 
which are occupied by potassium ions (Deer et al., 2001).  They are irregularly coordinated by 9 
oxygen neighbours.  The general formula for K-feldspar is K Al Si3O8 (Deer et al., 2001). 
 
K-feldspars form a solid solution series with albite and are collectively known as the alkali 
feldspars, (Na,K)AlSi3O8.  Almost all alkali feldspars are in ternary solid solution as albite also forms a 
solid solution series with anorthite as plagioclase feldspars.  Most alkali feldspars contain limited to 
significant amounts of Ba, Sr, Rb, Fe3+, Fe2+, Mg, P, and Pb (Deer et al., 1963) and the most common 
major and trace element substitutions are summarised in Table 6.3. 
 
Barium is present in the majority of alkali feldspars and its concentrations vary from trace up 
to 6 wt.% Ba (Deer et al., 2001).  Iron is present almost universally as Fe3+ and Fe2O3 contents may be 
as high as 6.3 wt.% in Fe-rich K-feldspars (Grew et al., 1994).  Mg is a very minor constituent in the 
great majority of alkali feldspars and rarely exceeds 0.1 wt.% MgO.  K-feldspars that are rich in Fe, 
Mg, Si tend to have low Al relative to stoichiometric K-feldspar (Deer et al., 2001).   
 
Trace element LA-ICMPS data are rarely available but Tl content in adularia can be as high as 
30 ppm in some epithermal systems (B. Gemmell, pers. comm., 2013).  Pb and Rb-Sr isotopes are 
sometimes determined by LA-ICMPS for dating and alteration studies.  Some trace element and REE 
data are available in Deer et al. (2001).  Limited alteration studies show higher K and lower Na and Rb 
in K-feldspar from altered rocks over unaltered rocks (Mensing and Faure, 1983).  The K-feldspar in 
that study was formed by chemical weathering of primary feldspar during late Precambrian time to 
clay minerals, which were later reconstituted under low-temperature hydrothermal conditions as 
adularia by reactions with brines derived from the overlying formations of Cambrian age. 
 
 
  
_______________________________Chapter 6: SWIR Spectrometry and Mineral Chemistry 
 
207 
 
Table 6.3 - Common major and trace element substitutions in K-feldspar 
Substitution  Species Formula Remarks 
Alkali site substitutions:   
K+ = Na+ Albite NaAlSi3O8 Na end-member of alkali 
feldspar solid solution 
Na+ = Ca2+ Anorthite CaAlSi3O8 Ca end-member of plagioclase 
solid solution 
K+ = Rb+ RbAlSi3O8 3-8% Rb2O in Rb-rich feldspars; 
up to 24 wt% 
K+ = Sr2+  SrAlSi3O8 10-1000 ppm; up to 7.4% 
K+ = Cs+   Rarely > 50 ppm; but up to 
5600 ppm reported in K-
feldspar from pegmatite 
K+ = Tl+   1-3 ppm; up to 30 ppm 
Coupled substitutions:   
K+ +Si4+= Ba2+ + Al3+ Celsian BaAl2Si2O8 Ba-rich when >2% BaO 
K+ + Si4+ = Pb2+ + Al3+ Amazonite 15-40 ppm Pb; up to 2% in 
amazonite 
K+ + Si4+ = (Cu,Fe,Ni,Co)2+ + Al3+ Cu-, Fe-, Ni-, Co-rich feldspars   Average heavy metal content 
between 3 and 4 wt% 
Tetrahedral site substitutions:   
2 Si4+ = P5+ + Al3+   (K,Na) Al2PSiO8 Berlinite substitution; 0.02-
0.20% P2O5; up to 1% in K- and 
Na-rich phases 
Al3+ = Fe3+  KFeSi3O8 0.1-0.5% Fe2O3; up to 6.3% in 
Ferrian K-feldspar  
Al3+ = B3+  KFeSi3O8 70-600 ppm B; up to 5000 ppm. 
Si4+ = Ti4+   Below detection or  <200 ppm, 
but can be as high as 1.4% 
Compiled from Quensel (1956), Deer et al. (1963, 2001), Wedepohl (1978), and Grew et al. (1994). 
 
 
6.3 Analytical Methods and Data Processing 
6.3.1 Electron Microprobe Analysis (EPMA) 
 
Major element compositions of white mica and chlorite were determined using a Cameca 
SX100 electron microprobe at the University of Tasmania.  The microprobe is equipped with a 
tungsten filament source and contains five wavelength dispersive spectrometers.  Beam current used 
for the hydrous silicates was set at 10 nA with an accelerating voltage of 15 keV.  The focussed beam 
had a 10 micron diameter.  Elements were acquired using mostly Ka emission lines and analysing 
crystals LLIF for Fe, Mn, Cr, V (Kb line); LPET for Cl, P , Ba (Lb line), Sr (La line); PET for K, Ca, Ti; TAP 
for Si, Na, Mg, Al; and PC0 for F.  Standards used during calibration are barite for Ba, bustamite for 
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Mn, hematite for Fe, rutile for Ti, tugtupite for Cl (all from Astimex Scientific Ltd.), V metal (Cameca) 
for V kb, clinopyroxene (Delegate) for Si and Ca, Olivine (San Carlos, USNM111312/444) for Mg, 
Plagioclase (Labradorite, USNM115900) for Al, Chromite (Tiebaghi, USNM117075)  for Cr, (K-
)anorthoclase (Kakanui, USNM133868) for Na, microcline (UTAS3) for K, SrTiO3-Nb (UTAS4) for Sr, 
Topaz (UTAS4) for F, and apatite (Durango) for P.  The counting time was 10 seconds for Na, Al, Si, Cl, 
Fe, Mn, and Cr; 20 seconds for Mg, K, Ti, P, V, Ba, and Sr; 30 seconds for Ca and 45 seconds for F.  The 
off peak counting time was 10 seconds for Na, Al, Si, Cl, Fe, Cr; 15 seconds for Mn; 20 seconds for 
Mg, K, Ca, Ti, V, Sr; 25 seconds for Ba, P, and 65 seconds for F.  Off peak correction method was linear 
for Na, Mg, Al, Si, K, Ca, Ti, Cl, Fe, Cr , V, Sr, and slope (high) for F, P, Ba, and Mn.  Interference 
corrections were applied to Mn and to V for interference by Cr (Donovan et al., 1993).  Oxygen was 
calculated by cation stoichiometry and included in the matrix correction.  Oxygen equivalent from 
halogens (F/Cl/Br/I) was not subtracted in the matrix correction.  The matrix correction algorithm 
utilised was Armstrong/Love Scott (Armstrong, 1988) and the mass absorption coefficients dataset 
was CITZMU (Heinreich, 1966).   
 
Three analyses of a hornblende standard (Kakanui, USNM143965) were taken at the 
beginning of each analytical session (approximately 50-80 analyses).  The average values of SiO2, 
TiO2, Al2O3, FeO, MnO, MgO, CaO, Na2O,  and K2O for the hornblende standard were compared to the 
accepted values (Jarosewich et al., 1980) and the ratios between the oxide values were used to 
normalised the data.  Approximately 10-18 spot analyses of muscovite or chlorite were taken for 
each laser mount sample.  More spots were analysed for samples that contain both muscovite and 
chlorite as intergrowths of the two minerals are common.  Other inclusions that were sometimes 
incorporated into muscovite analyses include rutile, plagioclase, carbonate minerals and quartz.  The 
most common inclusions observed in chlorite analyses white mica. 
All electron microprobe data are included in Appendix VII.  The data have been filtered so 
that analyses with noticeable inclusions were removed.  Only analyses that meet the following 
criteria are used for muscovite: SiO2 = 46-53%; TiO2 < 0.5%; K2O = 8-12%; MgO+FeO < 8%, Al2O3 = 28-
38% and the sum of all analysed elements >94.0%.  Muscovite formula unit calculations were done 
using Andy Tindle’s method for H2O calculation (Tindle and Webb, 1990).   
 
Similarly, chlorite data were filtered using the following criteria: SiO2 = 24-30%; TiO2 <0. 5%; 
K2O < 0.25%; MgO+FeO > 35%, Al2O3 = 18-24% and the sum of all analysed elements >87.0%.  
Analyses with obvious inclusions (mostly muscovite) were removed.  Chlorite analyses were 
recalculated on an atomic basis to a cation charge of 28 or O10(OH)8 anions.   
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6.3.2 Laser-Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICPMS) 
 
 Trace element compositions of white mica, chlorite, and K-feldspar were determined using 
the LA-ICPMS facility at CODES, University of Tasmania.  A Resonetics Resolution ArF Excimer laser 
ablation system coupled to an Agilent 7500cs ICP-MS was used for the spot analyses.  Samples were 
ablated in a S155 constant geometry cell (Laurin Technic, Australia), in an atmosphere of an ultra-
high purity He (flow rate 0.3 L/min) which was mixed with an Ar carrier gas (flow rate 0.95 L/min) 
before flowing into the ICP-MS.  All samples were analysed using a spot size of 32 µm with laser 
energy of 90 mJ at a frequency of 10 Hz and fluence of 3.53 J/cm2.  Synthetic glass standards NIST 
612 and GSD-1G were used as the primary and secondary standards to correct for instrument drift. 
The following isotopes were measure for white mica and K-feldspar: 7Li, 11B, 23Na, 24Mg, 27Al, 
29Si, 39K, 43Ca, 44Ca, 49Ti, 51V, 53Cr, 57Fe, 59Co, 60Ni, 63Cu, 65Cu, 66Zn, 68Zn, 75As, 85Rb, 88Sr, 89Y, 90Zr, 107Ag, 
118Sn, 121Sb, 135Cs, 137Ba, 139La, 140Ce, 208Tl, 208Pb, 209Bi and 238U.   
Isotopes measured for chlorite are: 7Li, 11B, 23Na, 24Mg, 27Al, 29Si, 39K, 43Ca, 49Ti, 51V, 53Cr, 55Mn, 
57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 88Sr, 89Y, 90Zr, 107Ag, 118Sn, 121Sb, 135Cs, 137Ba, 139La, 140Ce, 208Tl, 208Pb, 
209Bi and 238U.   
All data were processed using the Matlab-based program SILLS for data reduction and 
concentration calculation of transient LA-ICPMS signals (Guillong et al., 2008).  For muscovite and 
chlorite, Al2O3 concentrations determined by EPMA were used as the internal standard.  The 
standard deviation within each muscovite samples is 1-2% of the average Al2O3 concentrations 
except one sample (Appendix VII).  The standard deviation for Al2O3 concentrations in MCD35-16 was 
6% from the average.  Aluminium concentrations show greater variations in chlorite, with Al2O3 
standard deviations ranging between 1-4% over the average value of each sample except for one.  
The standard deviation for Al2O3 concentrations in HL688-09 was 7% from the average. 
K-feldspar samples were not analysed by EMPA prior to LA-ICPMS.  The LA-ICPMS data was 
first reduced in SILLS and the major elements SiO2, Na2O, K2O, Al2O3, TiO2, CaO, MgO, FeO and BaO 
were summed up to 100% to calculate the abundance of trace elements.  It appeared to be the best 
approach to analyse for K-feldspar since secondary mineral compositions can vary within individual 
crystals.  The presence of other feldspars such as plagioclase from the host rock and albite alteration 
can also be detected this way.   
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6.3.3 Analytical Spectral Device (ASD) 
 
SWIR measurements were collected from all samples using the TerraSpecTM ASD unit from 
CODES.  The ASD was optimised and calibrated using the RS3 TM spectral acquisition software.  The 
optimisation process was done through the software and a white reference balance was used to 
ensure a flat line spectrum at 1.0 (100%) reflectance.  The optimisation and white balance processes 
were repeated in approximately 20 minute intervals.  The spectrum average was set to 120, white 
reference at 240 and dark current at 25.  Sample spectra were measured by placing hand samples 
and thin section/laser mount offcuts directly in front of the light source, through a round glass 
window ~1.5 cm in diameter.  Three spectra were collected for every research sample and the raw 
data were imported into The Spectral Geologist (TSG TM) software for spectrum analysis.  Re-logged 
drill holes on research sections that did not have SWIR data from Bass Metals, were measured by the 
ASD at every metre with 2-3 spectra taken from each sample. 
 
The wavelength, depth and width at which the deepest trough occurs around 2200, 2250, 
and 2350 nm are calculated for all samples using the TSG software.  These are the key muscovite 
(2200 nm) and chlorite group (2250 nm and 2350 nm) absorption features.  While the wavelength 
position reflects composition, the depth of the absorption is a relative measure of abundance for 
that mineral (Thompson et al., 1999).  However, the combination of dark and light coloured minerals 
(amount of light reflected back to detector) and the presence of other non-infrared active minerals 
are often too complicated to solve for using current software programs.  TSG can recognise up to two 
mineral phases using its algorithm if the phases are infrared active.  In mixtures of infrared-active 
minerals (e.g., white mica and chlorite), the more dominant and typically most reflective mineral is 
easily identified.  As a general rule, 10% or more of a mineral must be present for positive 
identification, but 20% or more may be required for minerals that have low reflectance (e.g., 
carbonate, chlorite; Thompson et al., 1999). 
 
In 2009, Bass Metals collected 66,270 SWIR measurements from 263 drill holes.  The Bass 
Metals data were collected using the same ASD unit rented from CODES, University of Tasmania.  
Field technicians took one SWIR measurement from a freshly broken surface at every metre within 
selected depth ranges from 262 drill holes.  Obvious veins and sulfide intervals were avoided or 
omitted.  The spectral settings used were spectrum average at 80, white reference at 160 and dark 
current at 25.  The lower spectral settings were used to generate this large dataset in order to reduce 
acquisition times; however the sensitivity of the instrument for darker coloured rocks (i.e., more 
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chlorite-rich or basaltic rocks) is also slightly reduced.  The data were processed by Bass Metals using 
the TSG software.  The data were not re-processed for this study, but were re-filtered to exclude 
unrepresentative measurements.  The filter criteria are summarised in Table 6.4 and are also applied 
to spectra collected from research samples and drill core measurements. 
 
Table 6.4 - Criteria for absorption features to be included in dataset 
Minerals 
                                         Absorption Feature 
            2200 nm                         2250 nm                       2350 nm 
(Illitic-)muscovite, 
(illitic-)phengite, 
paragonite  
If muscovite >0.400 N/A N/A 
Fe chlorite, FeMg 
chlorite, Mg chlorite* 
N/A If chlorite >0.400 If chlorite >0.400 
Montmorillonite  If muscovite >0.400 If chlorite >0.400 If chlorite >0.400 
Kaolinite, halloysite, 
dickite, nacrite, 
nontronite, opal 
Exclude If chlorite >0.400 If chlorite >0.400 
Calcite, dolomite, 
ankerite, magnesite, 
siderite 
If muscovite >0.400 If chlorite >0.400 Exclude 
Actinolite, 
hornblende, 
phlogopite, brucite, 
zoisite, 
If muscovite >0.400 If chlorite >0.400 Exclude 
Palygorskite Exclude If chlorite >0.400 Exclude 
Epidote, prehnite If muscovite >0.400 Exclude Exclude 
Gypsum, jarosite If muscovite >0.400 N/A N/A 
Diaspore, tourmaline, 
gibbsite, alunite 
Exclude Exclude Exclude 
Dry vegetation, wood, 
teflon 
Exclude Exclude Exclude 
*If muscovite is present with chlorite, only use 2250 and 2350 nm features of chlorite if chlorite 
abundance/proportion is greater than 0.400 and the depths of those features are greater than 0.100 
(normalised hull quotient). N/A = not applicable. 
 
The 2200, 2250, and 2350 nm feature data for any samples that did not contain white mica 
or chlorite were removed.  Although white mica and chlorite are by far the most common minerals 
identified by TSG, other infrared-active minerals that coexist with white mica and chlorite often 
complicate the observed absorption features around 2200 nm, 2250 nm, and 2350 nm.  The kaolinite 
group minerals are especially problematic with white mica signals, while epidote and different 
carbonate minerals affect chlorite signals at various levels.   
 
All data points that were classified as aspectral (2,154 samples) or have error values greater 
than 500 (2,919 samples) were removed.  Absorption features of uncommon “Mineral1” matches by 
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TSG such as opal, hornblende, actinolite, brucite, diaspore, tourmaline, gibbsite, zoisite, dry 
vegetation and wood, were also excluded.  For some minerals (ankerite, gypsum, siderite, dolomite, 
calcite), if white mica or chlorite coexists in proportions greater than 0.400, those absorption 
features were kept.  Kaolinite group minerals which occur as the dominant “Mineral1” like kaolinite, 
halloysite, will bias the 2200 nm feature towards 2204 nm and those data points were also excluded.  
Montmorillonite and nontronite are also excluded, but not illite.  Illite is present in many samples 
and the 2200 absorption feature is not affected.  Some samples are classified by TSG as illitic 
muscovite or illitic phengite. 
 
 
6.4 Results 
6.4.1 Muscovite 
 
Major element and trace element compositions of muscovite were determined by EPMA and 
LA-ICPMS and the data are available in Appendices VI (EMPA) and VII (LA-ICPMS) while SWIR data for 
individual samples are provided in Appendix VI.  In general, sericite alteration near the Fossey, Fossey 
East and Mount Charter deposits are characterised by phengitic muscovite with 6.7-7.4 Fe+Mg+Si 
cations per unit formula: K2(Al,Fe,Mg)4(Al,Si)8O20(OH)4 (Figure 6.2).  The phengite content or 
Tschermak component in muscovite is represented by the coupled substitution: viAl3+ + ivAl3+ = (Fe2+, 
Mg2+) + Si4+.   The colours in Figure 6.2 and 6.3 show the Al-OH absorption feature of the same 
samples and the high Al-OH samples (>2210 nm) also have high Fe+Mg+Si and Fe+Mg contents.  
 
Most of the muscovite analysed have relatively high Al-OH wavelength between 2205 and 
2218 nm.  One of the background samples from MAC 19 in the QHV regional area has a low Al-OH 
absorption wavelength at 2196 nm.  It is also the most Na-rich white mica sample with 0.29 Na apfu 
and only 1.38 K apfu.  It does not have enough sodium to be classified as paragonite, but it is the 
most Al-rich white mica of all the samples.  
 
Variations in Al-OH wavelength are best correlated with total Aliv+Alvi and Fe+Mg+Si cations 
(Figure 6.4).  Samples that contain both muscovite and chlorite appear to be more Fe-Mg-rich than 
those that only have muscovite as the dominant infrared-active alteration mineral (i.e., not taking 
into account other alteration minerals present such as quartz, pyrite, K-feldspar or carbonate).  Al-OH 
is plotted against Fe+Mg (apfu) again in Figure 6.5, coloured by sample location and primary rock 
lithology by whole-rock geochemistry (Chapter 5).  All near deposit and regional samples cover a 
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wide range of Al-OH wavelength and Fe+Mg contents except for one regional sample, which is Na-
rich with low Al-OH wavelength.  While the basaltic samples tend to have relatively higher Fe+Mg 
contents in muscovite, there is no convincing trend that Fe+Mg contents are controlled by primary 
rock compositions. 
 
 
Figure 6.2: QHV muscovite Fe+Mg+Si vs. total Al (apfu) coloured by Al-OH 
wavelength. 
 
Figure 6.3: QHV muscovite Fe+Mg vs. Si (apfu) coloured by Al-OH wavelength. 
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Figure 6.4: Al-OH wavelength vs. Fe+Mg, Fe+Mg+Si, Aliv+Alvi (apfu) coloured by 
mineral assemblage as recognized by TSG using SWIR data. 
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Figure 6.5: Al-OH wavelength vs. Fe+Mg (apfu,) coloured by sample location and 
primary rock compositions. 
 
The strongest trends in major element variations in muscovite are defined by the 
Mg/(Mg+Fe) ratios, Na2O, BaO and F contents (Figure 6.6).  Mg/(Mg+Fe), BaO and F are higher in 
muscovite around the deposits than they are in muscovite away from the deposits.  Na2O contents 
are generally very low in muscovite (<0.25% Na2O), but increases away from Mount Charter and in 
some background samples from the regional areas in the QHV. 
 
All Fossey samples are within 100 m from the main massive sulfide mineralisation.  They are 
sorted by the shortest distance from the deposit in the footwall outwards to the least altered sample 
in the Fossey footwall.  Since the Fossey East mineralisation is situated in the Fossey footwall 
position, the samples are sorted by the shortest distance from the deposit, regardless of whether the 
sample is above or below the Fossey East mineralisation.  Fossey regional samples are located on the 
east side of the Jack Fault and are not close to any known mineralisation.  Similarly the Mount 
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Charter samples are sorted by distance from the barite veins/breccia zone with the deepest sample 
at ~450 m below mineralisation.  The first 3 QHV regional samples are from MAC 17 which is 250 m 
south of Fossey (Figure 6.16; SWIR plan map in Section 6.5).  The furthest sample from the deposits is 
from MAC 19 which has distinctly high Na2O contents (1.15%).  While MAC 17 samples are 
considered as un-mineralised rocks, they are still within the Hellyer to Que River linear trend, which 
is highlighted by a number of major and trace elements and alteration indices in whole-rock 
geochemistry (Chapter 5).  
 
 
Figure 6.6: Relative distance from the deposits plotted against Mg/(Mg+Fe), Na2O, 
BaO and F contents in muscovite, coloured by sample location. 
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There is no clear trend in Al-OH wavelength of the samples with proximity to the deposits 
(Figure 6.7).  Most of the samples are phengitic in composition and the least phengitic muscovite is 
located furthest away from the deposits.   
 
 
Figure 6.7: Al-OH wavelength vs. relative distance from the deposits coloured by 
sample location. 
 
 
Trace element concentrations by LA-ICPMS show that muscovite closest to the deposits are 
enriched in Tl, Sb, and Zn and relatively depleted in Co and Ni (Figure 6.8).  Other trace elements that 
are commonly found in muscovite such as Li, Rb, Sr, Cs and V do not show systematic changes with 
proximity to the deposits.  Chromium in muscovite did not show any particular enrichment near the 
deposits.  Cr2O3 contents by EMPA are also low and are close to detection limits for all samples.  
Most muscovite samples have <0.08%, except the furthest sample which has 0.11% Cr2O3.   
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Figure 6.8: Box and whisker plots of laser data showing the concentrations of Tl, Sb, Zn, Ni, Co and Cr 
in muscovite plotted against relative distance from the deposits (x-axis).  Arrows show the trend of 
enrichment and depletion moving away from the deposits.  Black dot = mean, bar = median, box = 
25-75th percentile of data (interquartile range); open circles = outliers (within 3 box length).  Whiskers 
are drawn to the last data point that extends 1.5 times the length of the box towards the maximum 
and minimum.  Distance range is the same for each area as in Figure 6.7. 
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6.4.2 Chlorite 
 
Major element and trace element compositions of chlorite were determined by EPMA and 
LA-ICPMS and the data are available in Appendices VI (EMPA) and VII (LA-ICPMS) while SWIR data for 
individual samples are provided in Appendix VI.  While the Tschermak substitution is an important 
control on chlorite compositions, the spectral properties of chlorite are controlled by the Fe/Mg 
contents of chlorite and not by the extent of the substitution (Figure 6.9).  In general, Fe-rich chlorite 
corresponds to higher Fe-OH and Mg-OH absorption wavelengths Mg-rich chlorite corresponds to 
lower Fe-OH and Mg-OH (Pontual et al., 1997).  However, it is shown in Figure 6.10 that the presence 
of sericite can greatly affect the Fe-OH band wavelength.  For a sample that contains both sericite 
and chlorite as the most infrared active minerals, a fraction of greater than 0.80 chlorite is ideal in 
order to acquire reliable Fe-OH data.  On the contrary, the presence of sericite has less effect on the 
Mg-OH band wavelength and the most Mg-rich chlorite samples have the lowest Mg-OH wavelengths 
even when the chlorite fraction is less than 0.60 (Figure 6.11).   
 
 
Figure 6.9: QHV chlorite Fe+Mg+Si vs. total Al (apfu) coloured by Fe-OH wavelength. 
Atoms per formula unit calculated based on (Fe,Mg)10Al2(Si6Al2O20)(OH)16. 
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Figure 6.10: Fe-OH wavelength vs. Fe, Mg, and Mg/(Mg+Fe) ratios coloured by 
mineral assemblage as recognized by TSG using SWIR data.  Atoms per formula 
unit calculated based on (Fe,Mg)10Al2(Si6Al2O20)(OH)16. 
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Figure 6.11: Fe-OH wavelength vs. Fe, Mg, and Mg/(Mg+Fe) coloured by mineral 
assemblage as recognized by TSG using SWIR data.  Atoms per formula unit 
calculated based on (Fe,Mg)10Al2(Si6Al2O20)(OH)16. 
 
 
The concentrations of several major elements in chlorite vary systematically with proximity 
to the deposits (Figure 6.12).  Closest to the Fossey East and Mount Charter mineralisation, Si, Mg, 
Mg/(Mg+Fe) and F contents in chlorite are high compared to the regional samples.  Conversely, Fe, 
Aliv and Na contents in chlorite increase gradually from the deposits.  Manganese content in chlorite 
varies from 0.08-0.69% MnO, but it does not show any systematic variations with respect to 
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proximity.  Chromium contents for most chlorite samples are close to detection limits (0.01-0.05%) 
by EPMA except for one Fossey regional sample (0.18% Cr2O3).   
 
 
Figure 6.12: Relative distance from the deposits plotted against Si, Fe, Mg, Mg/(Mg+Fe), ivAl, viAl, Na 
and F contents in chlorite, coloured by sample location. 
  
 
Due to high muscovite content in the altered rocks close to mineralisation, all Fossey chlorite 
LA-ICPMS analyses contained high K2O contents and had to be excluded.  Instead, a chlorite-rich 
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sample immediately below the Fossey East mineralisation was used as the closest sample to 
mineralisation in the proximity scale in Figure 6.12.  The other Fossey/Fossey East samples are 
samples from the Fossey footwall sequence.  The Fossey regional samples are located on the east 
side of the Jack Fault and are not associated with any know mineralisation.  Limited chlorite samples 
were available at Mount Charter due to the more felsic composition of the primary rocks.  The 
closest chlorite sample is located immediately below the barite veins/breccia zone and the other 
samples are about 300 m and 500 m below the mineralisation.  The first four QHV regional samples 
are from MAC 17 which is 250 m south of Fossey within the Hellyer-Que River trend.  The last 2 QHV 
regional samples are from MAC 19, furthest away from the deposits (Figure 6.16; SWIR plan map in 
Section 6.5). 
 
Since chlorite alteration is often accompanied by muscovite and pyrite, there is only a limited 
amount of samples that do not have high muscovite and pyrite contents, but still contain chlorite 
grains/patches that are large enough to analyse by LA-ICPMS.  Contamination by fine grained mica 
and pyrite grains within chlorite analyses was a major problem in achieving good quality chlorite LA-
ICPMS data near the deposits.  Of the 14 chlorite samples analysed by LA-ICPMS, 3 of the samples 
only have 1 spot analysis while the rest are average values over 4-14 spot analyses (Figure 6.13 and 
data in Appendix VII). 
 
Several trace elements show systematic variations with proximity to mineralisation (Figure 
6.13).  There is an overall depletion of Co and Ni in chlorite closest to the deposit compared to those 
further away.  Lithium, Zn, and As are enriched near the deposits and decrease away from them.  
Thallium and Sb are only enriched in chlorite directly below the Mount Charter mineralisation but 
not at Fossey East.  Data verification on those 10 spot analyses in SILLS show that no K or Fe spikes 
were included and that the Tl, Sb and As signals are flat elevated lines consistent with Fe and Mg 
signals; thus, the enrichment does not appear to be a result of muscovite or pyrite contamination.  
Chromium contents in chlorite by LA-ICPMS show a general depletion in around the deposits; 
however, there is a general lack of Cr in the more felsic rocks at Mount Charter, which may have an 
effect on this trend.  Other trace elements such as V, Ti and Cu can be enriched in chlorite, but their 
concentrations do not show correlation with respect to distance from the deposits. 
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Figure 6.13: Box and whisker plots of laser data showing the concentrations of Co, Ni, As, Tl, Li, Zn, Sb 
and Cr in chlorite plotted against relative distance from the deposits (x-axis).  Arrows show the trend 
of enrichment and depletion moving away from the deposits.  Black dot = mean, bar = median, box = 
25-75th percentile of data (interquartile range); open circles = outliers (within 3 box length), open 
triangles = far outliers (beyond 3 box length).  Whiskers are drawn to the last data point that extends 
1.5 times the length of the box towards the maximum and minimum.  Distance range is the same for 
each area as in Figure 6.12. 
 
 
  
_______________________________Chapter 6: SWIR Spectrometry and Mineral Chemistry 
 
225 
 
6.4.3 K-feldspar 
 
The presence of K-feldspar can be detected most readily by etching the samples with 
hydrofluoric acid and applying a solution of sodium cobaltinitrite to stain the samples (Deer et al., 
2001).  K-feldspar takes a yellow stain, while quartz and plagioclase are unaffected.  White mica and 
clays may sometimes absorb the stain, but they can be distinguish from K-feldspar (if present) by 
relief and intensity of stain in thin section (Deer et al., 2001). 
 
Another way of identifying the presence of K-feldspar is by calculating the K/Al molar ratio in 
whole-rock geochemical analyses if they are available.  EPMA data show that K/Al molar ratio is 
between 0.31-0.36 in muscovite, so in theory any whole-rock geochemical analyses with K/Al molar 
ratio greater than 0.36 should contain a secondary K-bearing phase, such as K-feldspar in this case.  A 
K/Al molar ratio of near or less than 0.36 does not negate the presence of K-feldspar; it is just not 
indicative of whether the elevated K content is due to sericite- or K-feldspar alteration, or both.  
 
Five K-feldspar samples were selected from Mount Charter for LA-ICPMS analyses and their 
whole-rock K/Al ratios ranges from 0.55-0.72 (laser data in Appendix VII).  Only one sample from 
Fossey showed significant yellow staining with K/Al=0.39; however all spot analyses for that Fossey 
sample were contaminated by muscovite and quartz due to the fineness of the K-feldspar alteration. 
 
 Secondary K-feldspar closest to the Mount Charter mineralisation have high orthoclase 
component (Or ≥ 95) and K2O contents range between 13.2 and 18.1% by LA-ICPMS (Figure 6.14).  
Away from the deposit, about 300 m below surface, Na2O content increases and Or decreases.  CaO 
contents are generally low (≤0.21%).  The most Ba-rich sample contains 4.1% BaO in K-feldspar and 
there is a weak enrichment trend towards the deposit.  TiO2 also show minor enrichment in K-
feldspar near the deposit compared to the sample furthest away.  Other enrichment trends observed 
in trace element concentrations include the enrichment of As, Tl, Zn, Pb and Rb and the depletion of 
Sr, Y, and Zr (Figure 6.15).  In general, Y and Zr are considered immobile during hydrothermal 
alteration and thus the apparent enrichment may be an effect of mass gains in the more altered 
samples. 
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Figure 6.14: Relative distance from the Mount Charter deposit plotted against K2O, Na2O, CaO, TiO2, 
BaO and the Or (orthoclase) component of in K-feldspar. 
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Figure 6.15: Box and whisker plots of laser data showing the concentrations of Rb, Tl, Zn, Pb, Sr, Sb, 
As and Y in K-feldspar plotted against relative distance from the Mount Charter deposit (x-axis).  
Arrows show the trend of enrichment and depletion moving away from the deposits.  Black dot = 
mean, bar = median, box = 25-75th percentile of data (interquartile range); open circles = outliers 
(within 3 box length), open triangles = far outliers (beyond 3 box length).  Whiskers are drawn to the 
last data point that extends 1.5 times the length of the box towards the maximum and minimum. 
Distance range is 90 m, same as in Figure 6.14. 
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6.5 Regional SWIR Data 
 
SWIR data were collected from more than 260 drill holes and the data were filtered as 
described in a previous section.  The data is attached electronically in Appendix VIII.  There are 
41,000 accepted Al-OH values for white mica species and 24,000 Fe-OH and 26,000 Mg-OH values for 
chlorite.  There are fewer accepted Fe-OH values than Mg-OH because the 2250 nm absorption 
feature for Fe-OH bonds tends to be affected by the 2200 nm absorption feature (Al-OH) when both 
white mica and chlorite coexist in one sample.  The 2350 nm absorption feature (Mg-OH) is less 
affected by the presence of white mica, but there are generally higher noise-to-signal ratios at the 
end of the spectrum. 
 
The Al-OH absorption wavelengths are plotted in Figure 6.16 to show the regional variation 
in muscovite composition.  Hellyer, Fossey and Mount Charter are dominated by phengitic mica with 
the Al-OH absorption feature centred around 2010-2020 nm, while Que River has relatively less 
phengitic mica with absorption peaks around 2200-2215 nm.  In the distal areas between Hellyer and 
Que River, and to the east of Hellyer, muscovite with absorption wavelengths of less than 2205 nm 
dominates.  Figure 6.17 shows all the drill hole data in northeast-southwest view with a set of 
contour lines that are representative of a vertical section that runs through the deposits.  Footwall 
alteration at Hellyer, Fossey and Mount Charter are dominated by phengitic mica with Al-OH 
absorption wavelengths mostly greater than 2210 nm.  The Al-OH absorption peaks of the footwall 
white mica alteration decrease away from the deposits.  Que River has phengitic mica with slightly 
lower Al-OH absorption wavelengths, but most have absorption features around 2205 nm or above.  
The white micas with the lowest absorption wavelengths (least phengitic) are found near the surface 
in the area between Hellyer and Que River. 
 
Fe-OH absorption wavelengths of chlorite also show systematic variations that suggest more 
Mg-rich chlorites are formed proximal to the deposits, while more Fe-rich chlorites are more 
common in the peripheries.  Chlorites with Fe-OH absorption peaks below 2252 nm tend to dominate 
around the Hellyer, Fossey, Que River and Mount Charter deposits and footwall alteration (Figure 
6.18).  The Fe-OH absorption wavelength of chlorite gradually increases to greater than 2254 nm 
away from the deposits.  Northeast-southwest view of the drill hole data shows that the footwall 
alteration is dominated by chlorite with absorption peaks below 2252 nm and that the Fe-OH feature 
shifts to higher wavelengths outwards from the deposits (Figure 6.19).  These observations are in line 
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with EPMA data, which show a gradual increase in Mg/(Mg+Fe) ratios with proximity to 
mineralisation.  
 
Compared to the distribution of Fe-OH absorption wavelength, the regional Mg-OH data 
appear less coherent with the Mg/(Mg+Fe) trends and drastic changes in Mg-OH absorption 
wavelengths occurring abruptly in some areas (Figures 6.20 and 6.21).   The greater variations in the 
observed Mg-OH absorption peaks are likely a combined effect of the presence of white mica (Mg-
OH absorption feature of chlorite coincident with the second Al-OH absorption feature; Section 
6.1.2) and the increase in noise-to-signal ratio at the end of the spectrum between 2300-2500 nm.  
Chlorite is a dark mineral and longer acquisition times are usually recommended for dark coloured, 
low reflectance samples (Pontual et al., 1997).  Since this data was collected in bulk at every metre 
over 270 drill holes, all samples were regarded as medium coloured samples and measured at 
spectrum average of 80 (8 seconds).  All research samples in this study were measured at spectrum 
average of 120 (12 seconds) and have lower noise-to-signal ratios at the 2300-2500 nm range 
compared to the company acquired data. 
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Figure 6.16: Plan view of Al-OH absorption wavelength in white mica-bearing samples 
(paragonite, muscovite, phengite and illite) from drill holes in the Que-Hellyer district.  Straight 
line through all the deposits represents the cross sectional surface of Al-OH wavelength contours 
in Figure 6.17. 
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Figure 6.18: Plan view of Fe-OH absorption wavelength in chlorite-bearing samples from drill holes in 
the Que-Hellyer district. 
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Figure 6.20: Plan view of Mg-OH absorption wavelength in chlorite-bearing samples from drill holes 
in the Que-Hellyer district. 
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6.6 Discussion  
 
White mica alteration closest to VHMS mineralisation in the QHV can be described as strong 
phengitic mica, with high Mg/(Mg+Fe) and elevated Ba, Tl, Sb, F and locally Zn.  These phengitic 
micas are also depleted in Na, Ni and Co compared to background samples.  Chlorite alteration 
closest to mineralisation are characterised by high Mg/(Mg+Fe) with elevated Mg, F,  Li, Zn and As 
and depleted Aliv, Fe, Na, Co, Ni, Cr contents.  Proximal to the Mount Charter mineralisation, 
secondary K-feldspar is enriched in K, Ba, Ca, Rb, As, Tl, Sb, Zn and Pb  and depleted in Na, Sr and Y. 
 
It has been demonstrated in a few VHMS studies that the Mg/(Mg+Fe) ratio in muscovite 
varies similarly to chlorite with proximity to mineralisation (Mcleod and Stanton, 1984; Hannington, 
2003).  The Mg/(Mg+Fe) ratios in muscovite and chlorite are around 0.7-0.9 and 0.6-0.8, respectively, 
around the Fossey, Fossey East and Mount Charter deposits.  The ratios decrease to 0.3-0.7 and 0.35-
0.55 in white mica and chlorite in the regional samples.  The chlorite ratios are consistent with those 
reported by Gemmell and Fulton (2001) where chlorites from the footwall chlorite, chlorite-
carbonate, and siliceous core zones are Mg-rich (up to 0.88 Mg/(Mg+Fe)) and the chlorites in the 
footwall andesites outside the stringer zone are Fe-rich, Mg/(Mg+Fe)=0.40-0.64.  Parallel 
Mg/(Mg+Fe) ratios in white mica and chlorite were also observed by Martin (2004) at Rosebery but 
he did not identify a systematic trend in their variations with proximity to ore.   
 
In contrast to the Cr enrichment in hanging wall chlorite proximal to Hellyer ore (up to 2.44% 
Cr2O3) reported by Gemmell and Fulton (2001), a depletion in Cr content is observed in the footwall 
chlorite proximal to the deposits.  Chromium contents in proximal chlorite samples analysed in this 
study are less than 114 ppm Cr, while distal samples are mostly between 150 and 1000 ppm.  
Similarly, white mica from the footwall alteration in this study is not enriched in Cr like the ones 
observed in the Hellyer hanging wall (<0.01-1.11% Cr2O3; Fulton, 1999).  Most of the white mica 
samples have Cr levels well below 0.07% Cr2O3, with the least altered sample containing the most Cr-
rich mica at 0.11% % Cr2O3.   The overall low Cr content in the footwall samples can be attributed to 
the broadly andesitic composition of the footwall rocks versus the largely basaltic composition of the 
hanging wall. 
 
Hanging wall micas at Hellyer are also enriched in Ba (up to 1.3% BaO) and decrease away 
from the deposit (Fulton, 1999).  A similar trend is also observed in the footwall samples from Fossey, 
Fossey East and Mount Charter, where proximal white mica samples have 0.43-0.93% BaO compared 
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to 0.11-0.31 % BaO in the regional samples.  Large et al. (2001c) reported 0.97-1.94% BaO in 
phengitic micas proximal to the K Lens mineralisation at Rosebery although the trend was not 
observed in a later study done by Martin (2004).  Barium content in footwall K-feldspar at Mount 
Charter are 0.6-4.1% BaO compared to 0.1-7.6% reported by Yang et al. (1997) at Hellyer. 
 
In Chapter 5 a number of whole-rock trace elements, such as As, Tl, Sb, Mo, W, Rb, Cs, Sr, Li 
and locally Bi, were found to show enrichment and depletion trends towards the Hellyer to Mount 
Charter corridor.  Of these elements, Tl, Sb, As, Li, Rb, Sr, also show variations in their concentrations 
within white mica, chlorite, and K-feldspar.  Zinc is enriched in white mica and chlorite proximal to 
the deposits, while Pb is enriched in proximal K-feldspar.  Cobalt, Ni and Cr contents in white mica 
and chlorite increase with distance from the deposits but the effects were not observed in whole-
rock, suggesting that the primary composition has a greater effect on the concentration of these 
elements than hydrothermal alteration.  Lithium enrichment in proximal chlorite was observed, but 
no compositional trends were identified in white mica and K-feldspar; thus the whole-rock depletions 
observed in samples within the footwall alteration halo do not appear to be controlled by white mica 
and K-feldspar.  The distribution of Li is not well understood, but Li concentrations in chlorite are 2-
10 times higher than that in white mica and may contribute to the apparent whole-rock Li depletion 
around the sericite-dominated alteration halos.  Zinc, Pb, As, and Sb show enrichment in mineral 
samples proximal to ore, but their strong chalcophile behaviour suggests that their concentrations in 
pyrite and other sulfides are more significant than those in sericite and chlorite. 
 
There is a strong interest in understanding the distribution of trace elements in white mica 
and chlorite because their major element compositions can be mapped by SWIR and their trace 
element concentrations, which can be reflected in whole-rock chemistry, may be useful vectors to 
mineralisation.   Both Tl and Sb halos have been identified at Hellyer, Rosebery and Thalanga as 
particularly useful ore proximity indicators for base metal-rich VHMS deposits (Gemmell and Fulton, 
2001; Large et al., 2001c; Paulick et al., 2001).  Thallium and Sb have also been identified in Chapter 5 
as being suitable whole-rock pathfinder elements as they highlight a very specific corridor of strongly 
altered rocks that are closely associated with all four VHMS deposits within the QHV.   
 
As antimony is a strong chalcophile element, its distribution is very much dictated by pyrite 
composition and abundance.  Thallium, on the other hand, exhibits both chalcophile and lithophile 
properties and McNeill (2010) has demonstrated that Tl in mica is an important control in the Tl 
content of rocks in the Rosebery alteration halo.   Thallium contents in muscovite closest to the QHV 
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deposits are generally >15 ppm and regional samples are about ≤ 5 ppm.  Whole-rock K2O and Tl 
contents show an overall positive relationship (Figure 6.22a).  A strong correlation between 
muscovite Tl content and whole-rock Tl content further suggest that muscovite is a significant host to 
Tl (Figure 6.22b).  Two outlier samples (365026 and 365056) in Figures 6.22 a and b contain more 
than 8% whole-rock S, suggesting that a sulfide phase is the likely host of Tl in those samples.   
 
 
Figure 6.22: Comparison of whole-rock and muscovite compositions of K2O, S and Tl; a) Whole-rock 
K2O vs. Tl; b) whole-rock S vs. Tl; c) muscovite Tl vs. whole-rock Tl; d) whole-rock S vs. K2O. 
 
However, secondary K-feldspar is also present in the QHV system and it can also be an 
important host.  K-feldspar is generally pervasive at Mount Charter but more irregularly distributed 
around Fossey.   ICPMS analyses show that Tl in K-feldspar content ranges from 2-34 ppm, while Tl in 
white mica ranges 2-29 ppm.  This means that any sample with whole-rock Tl greater than ~30 ppm 
would most likely require an additional Tl-bearing sulfide mineral.  Simple mass balance calculations 
using K2O and Tl contents in white mica can be used to gauge how much Tl can be accounted for by 
white mica (assuming that it is the only K-bearing phase)(Table 6.5).  The calculation is not realistic 
due to the presence of K-feldspar, but the samples that contain less than 60% Mica Tl/Whole-rock Tl 
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are most likely to contain Tl-bearing sulfides.  Table 6.5 also include the depth of Al-OH and the 
alteration classification.  The depth of the Al-OH is an empirical gauge on the abundance of white 
mica.  Strong white mica alteration will produce a strong, deep Al-OH signal generally greater than 
0.200 (normalised to hull quotient).  Shallower Al-OH signals imply weak white mica alteration or the 
presence of K-feldspar as an additional K-bearing phase.  
 
In a vectoring stand point, routine SWIR measurements of core and field samples may prove 
to be an important step in highlighting potential areas.  Samples with pervasive sericite alteration 
consistently in the 2208-2218 nm range are more likely to be part of a hydrothermal system similar 
to those that formed the VHMS deposits in the QHV district.  These samples should be subsequently 
analysed for whole-rock geochemistry.  A sample with approximately 30% white mica alteration, 
would be anomalous if its whole-rock Tl content is above 2.5 ppm (assuming 8 ppm Tl in white mica 
is anomalous).  The approximation would be similar for K-feldspar altered rocks since it has relatively 
comparable Tl enrichment levels as white mica.  
 
Similarly, regional Fe-OH can be used to identify higher Mg/(Fe+Mg) chlorite-bearing 
samples.  Because both white mica and chlorite tend to have higher Mg/(Fe+Mg) ratios towards the 
mineralisation, Fe-OH in co-exiting chlorite can serve as an indirect measurement of Mg/(Fe+Mg) in 
white mica.  Al-OH only measures the extent of the Tschermak substitution and thus it is a useful 
indicator of the Al content of white mica amount of(or Mg+Fe+ Si) and not the Mg/(Fe+Mg) content.  
There are several trace elements in chlorite that vary with proximity with ore; however, they do not 
occur in sufficient amounts that can be reflected in whole-rock geochemistry, making LA-ICPMS the 
only analytical technique to determine those variations. 
 
Future alteration studies may include the trace element analysis of pyrite and other sulfides 
to further investigate the distribution of Tl and Sb.  LA-ICPMS data from Rosebery show that Tl is 
elevated in galena and early pyrite, where it is largely present in Pb-Bi-Ag-Sb-rich inclusions (McNeill, 
2010).  Although no systematic relationship could be derived from sulfide Tl contents at Rosebery, 
the technique may be found useful in the QHV district. 
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Table 6.5 - Comparison of whole-rock and muscovite analyses 
Sample 
WR 
K2O 
(%) 
WR 
Al2O3 
(%) 
WR 
Fe2O3 
(%) 
WR 
S  
(%) 
WR 
Tl 
(ppm) 
Mica 
K2O 
(%) 
Mica 
fraction 
Mica Tl/ 
WR Tl 
K/Al 
molar 
AlOH 
Al-OH 
depth 
Alteration 
HL673-09 6.94 22.00 5.75 4.31 13.5 11.56 0.600 111% 0.34 2209 0.211 Strong Sericite 
HL673-11 5.89 17.60 7.06 5.05 11 11.09 0.531 102% 0.36 2215 0.213 Strong Sericite 
HL673-14 5.35 17.50 5.64 4.21 6 10.58 0.506 85% 0.33 2210 0.248 Strong Sericite 
HL683-16 5.37 15.00 9.95 7.33 8.5 10.46 0.513 54% 0.39 2215 0.129 Strong Sericite 
HL688-05 3.81 16.10 6.43 0.44 8 9.15 0.416 94% 0.26 2213 0.106 Mod Sericite 
HLD1017-19 4.19 12.00 5.25 3.82 8 11.20 0.374 86% 0.38 2217 0.180 Mod Sericite 
HLD1017-18 3.38 17.00 6.70 2.27 4.8 10.32 0.327 71% 0.22 2216 0.254 Mod Sericite 
FUD16-27 4.17 13.90 7.76 5.11 2.6 10.80 0.386 83% 0.32 2208 0.387 Strong Sericite 
HLD1017-15 4.29 13.60 3.01 1.95 2.6 11.34 0.378 85% 0.34 2207 0.503 Strong Sericite 
HLD1017-08 5.63 17.90 6.47 3.78 6.5 10.84 0.519 57% 0.34 2214 0.175 Strong Sericite 
FUD16-09 2.95 16.60 7.95 0.39 1.6 10.27 0.287 80% 0.19 2216 0.341 Weak Sericite 
HL589-14 1.11 14.30 6.88 0.13 0.4 11.11 0.100 98% 0.08 2211 0.241 Background 
HL589-17 2.23 15.30 8.24 0.07 0.8 10.70 0.208 97% 0.16 2214 0.261 Weak Sericite 
MCD35-
365045 
9.33 15.72 5.97 4.36 15 11.42 0.816 107% 0.64 2214 0.083 K-feldspar 
MCD27-
365024 
6.33 15.92 2.99 1.75 13 11.52 0.549 93% 0.43 2217 0.247 Strong Sericite 
MCD26-
365036 
7.07 13.51 12.53 9.50 40.5 11.36 0.623 28% 0.57 2209 0.113 K-feldspar 
MCD27-
365026 
3.92 16.30 6.67 0.62 13 10.83 0.362 81% 0.26 2211 0.220 
Sericite-
Chlorite 
MCD35-
365047 
8.31 16.42 7.59 5.49 14 12.52 0.664 96% 0.55 2213 0.124 K-feldspar 
MAC26-
361510 
5.01 13.98 4.30 2.17 5.5 11.39 0.440 72% 0.39 2218 0.191 Strong Sericite 
MCD35-
365056 
3.40 11.05 11.09 8.28 25 11.61 0.293 7% 0.33 2207 0.268 Strong Sericite 
MCD35-07 3.64 12.90 4.66 0.18 1.5 10.79 0.349 86% 0.31 2211 0.422 Mod Sericite 
MCD35-13 7.40 14.20 3.03 0.22 1.7 12.17 0.608 99% 0.56 2211 0.144 K-feldspar 
MAC26-
364712 
4.59 18.32 5.49 2.51 2 11.41 0.403 73% 0.27 2208 0.263 Strong Sericite 
MAC26-
364719 
3.57 14.89 6.39 1.61 0.8 9.87 0.362 123% 0.26 2205 0.340 Mod Sericite 
MAC17-
361020 
5.57 32.36 7.42 3.85 9 11.04 0.504 33% 0.19 2206 0.243 Mod Sericite 
MAC17-
361029 
3.41 16.17 6.55 0.51 1.8 10.20 0.334 76% 0.23 2212 0.307 Mod Sericite 
MAC17-
361033 
3.42 23.06 9.30 0.15 1.1 10.46 0.327 147% 0.16 2216 0.112 Weak Sericite 
MAC19-
364863 
3.70 15.75 5.50 3.24 1.2 9.92 0.373 *59% 0.25 2196 0.172 Mod Sericite 
A red value for Mica Tl/WR Tl indicates that the amount of Tl in white mica is significantly less than 
the amount required to produce the observed whole-rock Tl content.  A red value for K/Al molar 
indicates that the sample is very likely to have K-feldspar due to the amount of K present compared to 
Al.  A red value for Al-OH depth indicates that the Al-OH signal is not very strong, suggesting a weak-
moderate amount of white mica present.  Underlined alteration text means that the sample contains 
K-feldspar in the alteration assemblage.  Bolded alteration text means that the sample contains Tl-
bearing sulfide(s).  The asterisk marks an uncertain Mica Tl/Whole-rock Tl percentage due to close-to 
detection Tl content in that white mica sample. 
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Chapter 7 – Discussion  
 
7.0 Formation of VHMS Deposits and Hydrothermal Systems 
 
Volcanic-hosted massive sulfide deposits are strata-bound accumulations of sulfide minerals 
that precipitate at or near the seafloor in partial, temporal, and genetic association with 
contemporaneous volcanism (Franklin et al., 1981; Large et al., 2001c; Galley et al., 2007).  VHMS 
deposits form in extensional environments that include seafloor spreading, back-arc, and local 
extension in arc environments.  Modern seafloor VHMS deposits can be found in both oceanic 
spreading ridge and arc environments (Herzig and Hannington, 1995), but ancient VHMS deposits 
that are preserved typically formed in oceanic and continental nascent-arc, rifted arc, and back-arc 
settings (Franklin et al., 2005; Hannington et al., 2005). 
 
It is widely accepted that VHMS deposits are syngenetic and are formed from hydrothermal 
systems that are driven by synvolcanic intrusions at shallow and mid-crustal levels in submarine 
volcanic environments (Franklin et al., 1981; Lydon, 1984, 1988).  The hydrothermal fluid is 
predominantly composed of evolved seawater that circulates and interacts with the volcanic (and 
sedimentary) strata along the flow path from the recharge zones (Franklin et al., 2005).  VHMS 
deposits form at or near the seafloor though the focussed discharge of hot, metal-rich hydrothermal 
fluids as polymetallic massive sulfide lenses.   
 
The formation of a high temperature hydrothermal cell is described by Franklin et al. (2005) 
in a three stage process (Figure 7.1) and includes the observations and research of many others (e.g., 
Macgeehan, 1978; Gibson et al., 1983; Large, 1992; Galley, 1993; Skirrow and Franklin, 1994; Hart el 
al., 2004).  The first stage involves the deep emplacement of subvolcanic intrusions in an extensional 
setting.  The heat from the intrusion causes pore waters in the surrounding rock to circulate which 
results in formation of hydrothermal exhalative sediments and the associated shallow low 
temperature sub-seafloor alteration.  This is followed by the second stage which begins with the high 
level intrusion of sub-volcanic magmas.  These magmas drive the circulation of higher temperature 
fluids and the net gains and losses of different elements in different parts of the system are strongly 
controlled by the resultant sub-horizontal isotherms.  The third and final stage is developed when the 
hydrothermal system is established long enough for the element enrichments and depletions 
developed in Stage 2 to form regional scale semi-conformable hydrothermal alteration assemblages.  
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Meanwhile, the high temperature reaction zone immediately adjacent to the cooling intrusion is 
breached periodically in episodes of seismic activity and/or dyke emplacement and hot, metal-rich 
fluids migrate upwards in a focussed flow path and deposit the metals as seafloor vent or sub-
seafloor replacement VHMS deposits. 
   
 
Figure 7.1: The development and maturation of a generic sub-seafloor hydrothermal system in three 
stages (Franklin et al., 2005; Galley et al., 2007). (A) The relatively deep emplacement of a 
subvolcanic intrusion in an extensional zone and the establishment of a shallow circulating, low-
temperature seawater convection system. This results in shallow sub-seafloor alteration and 
associated formation of hydrothermal exhalative sediments. (B) Higher level intrusion of subvolcanic 
magmas and the generation of a deep-seated sub-seafloor seawater convection system in which net 
gains and losses of elements are dictated by sub-horizontal isotherms. (C) Development of a mature, 
large scale hydrothermal system in which sub-horizontal isotherms control the formation of semi-
conformable hydrothermal alteration assemblages. The high-temperature reaction zone next to the 
cooling intrusion is periodically breached due to seismic activity or dyke emplacement, allowing 
focused upflow of metal-rich fluids to the seafloor and formation of VMS deposits. 
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The mineralogy and geochemistry of various styles of hydrothermal alteration associated 
with VHMS mineralisation have been extensively documented in Australia, North America, Japan and 
Europe and there are seven major types of alteration that are typically associated with VHMS 
mineralisation (Gemmell and Herrmann, 2001).  These are: 1) footwall alteration pipe, 2) strata-
bound footwall alteration, 3) hanging wall alteration, 4) alteration around porphyritic synvolcanic 
domes, 5) alteration associated with synvolcanic granitoids, 6) deep semi-conformable regional 
alteration, and 7) alteration related to down-going seawater.  Not all of these alteration styles are 
present (or detected) at every deposit, but many VHMS studies have been devoted into 
characterising the geochemical signatures that are related to these alteration zones (Urabe and 
Scott, 1983, Gemmell and Large, 1992; Shriver and MacLean, 1993; Barett and MacLean, 1994; 
Skirrow and Franklin, 1994; Large et al., 2001b; Gifkins et al., 2005).  At deposit scales, these 
alteration zones are also grouped as discordant (e.g., alteration pipes) and sub-concordant (e.g., 
stratabound and semi-conformable alteration). 
 
Alteration halos are typically much larger that their respective deposits within discordant 
footwall alteration zones extending vertically below a deposit for several hundred meters (Franklin et 
al., 2005).  Stratabound and semi-conformable alteration halos can range laterally from hundreds of 
metres to several kilometres at some giant deposits (Galley, 1993; Skirrow and Franklin, 1994).  Thus, 
exploration techniques that highlight the presence of these hydrothermal alteration zones can be 
used as vectoring tools to pinpoint the VHMS mineralisation.  This thesis uses whole-rock 
geochemistry, alteration mineral chemistry, and short wavelength infrared spectrometry as key 
components in characterising the geochemical features of the hydrothermal alteration that is 
associated with the VHMS deposits in the Que-Hellyer district. 
 
 
7.1 VHMS Deposits of the Mount Read Volcanics 
 
The Middle to Late Cambrian Mount Read Volcanic (MRV) belt has been a prospective area 
for VHMS deposits, with a number of significant deposits (Rosebery, Hellyer, Que River, Hercules, Mt 
Lyell and Henty).   It is predominantly composed of a submarine succession of rhyolitic to basaltic 
volcanic and intrusive rocks with variable proportions of intercalated sedimentary rocks (Corbett, 
1992).  These are considered to be products of post-collisional volcanism associated with an arc-
continent collision (Berry and Crawford, 1988; Crawford and Berry, 1992; Crawford et al., 2002).  
Recent dating by Mortensen et al. (in press) has shown that the VHMS mineralisation from the Que-
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Hellyer, Roseberry-Hercules and Mt Lyell districts all formed within a narrow time interval at 
approximately 500 ± 1 Ma.   
 
The VHMS deposits of the MRV display a diverse style of mineralisation that varies from 
classic mound-type to sheet-type, stacked lenses, Cu-Au stockwork/disseminated, and Au-Ag-Pb-Zn 
stockwork/disseminated mineralisation (Figure 7.2).  Five of the ten major styles of VHMS deposits in 
Australia are found in the Mount Read Volcanics, with Hellyer, Que River, Rosebery and Mount Lyell 
being type examples (Figures 7.2A, D, G, and H).  The diversity in VHMS deposit style is considered to 
be the effects of varying factors in the submarine volcanic environment and the character of the 
hydrothermal fluid, such as: (1) proportions of volcaniclastic, lava, and subvolcanic intrusive facies; 
(2) depth of seawater; (3) permeability and porosity of volcanic host rocks; (4) balance between 
magmatic components and seawater components in the ore fluid; and (5) temperature and acidity of 
the ore fluid (Large et al., 2001). 
 
Hellyer is a particularly well preserved classic mound-type deposit with an extensive, well 
developed footwall alteration pipe and stringer vein system (Gemmell and Large, 1992).  Several 
upflow zones have been recognised by Gemmell and Large (1992) with Fe and Cu concentrated in the 
cores and Zn, Pb, Ag, Au, and As increasing away from these feeders zones.  The Cu-rich base and 
feeder systems are interpreted as the hottest parts of the mineralising system with an upward 
increase in Zn and then Pb, reflecting fluid cooling gradients caused by their interaction with 
seawater (Franklin et al., 1981; Large, 1992).  Narrow feeder zones below mound deposits are most 
likely formed as a result of hydrothermal fluid discharge being restricted by the relatively permeable 
nature of footwall lithologies, producing structurally focussed vent zones (Gemmell and Large, 1992).  
The growth of mound-type deposits is thought to be progressive through cyclic waxing and waning 
periods of construction by sulfide deposition which is associated with gradual upward and outward 
increases in temperature and zone refining processes (Eldridge et al., 1983; Lydon, 1988; Large, 
1992).   This produced a well developed and well zoned footwall alteration and stringer zone system 
that is characterised by a siliceous core at the centre followed by an inner chlorite-sericite zone, and 
a peripheral (stringer envelope) sericite-quartz zone (Gemmell and Large, 1992).   This upflow zone is 
further highlighted by SWIR spectrometry, which shows an enrichment of phengitic mica within the 
Hellyer footwall alteration pipe (Yang et al., 2011).  
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The Que River deposit is a series of lenses that have been interpreted as a stacked lens 
morphology with the Pb-Zn-rich lenses (PQ, P North, QR32, and Nico) formed on the same 
stratigraphic horizon and the lower grade S lens at a stratigraphically lower position (Gardner, 1986; 
Large et al., 1988).  The stacked lenses are connected by a network of stringer and disseminated 
pyrite and base metal sulfides with a Au-rich stringer zone developed at a more distal location 
(McGoldrick and Large, 1992).  The formation of the S lens is interpreted to have been disrupted by 
the continuous deposition of andesitic volcaniclastic rocks over the S lens discharge vent and that the 
relatively low grade Pb-Zn grade and high Cu concentration is due to the continuing passage of hot 
hydrothermal fluids, which formed the Pb-Zn deposits in the overlying strata (Rand, 1988).  The main 
PQ and P North lens are interpreted as being deformed into a tight W fold with the enveloping 
chlorite-sericite alteration and associated stringer system strongly sheared along the western side of 
the fold (Large et al., 1988).  Most of the deformation was partitioned into the more ductile Pb-Zn 
rich parts of the ore body and folded the Pb-Zn orebody around the rigid and less deformed pyrite-
rich core.  The presence of K-feldspar (adularia) in the gold-rich zone suggests that the temperature 
of the hydrothermal fluids were less than 150°C and of moderate to neutral pH (McGoldrick and 
Large, 1992; Galley, 1995; Pirajno, 2008). 
 
The Rosebery deposit consists of several thin sheet-like stratiform massive sulfide lenses that 
overlie broad alteration zones with feeder systems that vary from well-developed to not recognised 
at all (Large, 1992).  The ore lenses are hosted within a volcaniclastic sequence that is dominated by 
rhyolitic pumiceous breccias.  The deposit morphology is likely due to increased permeability and 
porosity in a fragmental footwall (Large et al., 2001c).  The porous and permeable nature of the 
footwall in sheet-like deposits typically results in broad footwall alteration zones that lack sharp 
mineralogical boundaries as the hydrothermal fluids that form the deposit are poorly focussed 
(Morton and Franklin, 1987).  Hydrothermal alteration proximal to mineralisation is characterised by 
a conformable halo of quartz-sericite±Mn/Fe-carbonate assemblages with a thin discontinuous 
chlorite assemblage located immediately beneath the sulfide ore (Martin, 2004).  SWIR data show 
that white micas in footwall alteration zones are variably phengitic, similar to regional background 
units, but hanging wall white micas are locally paragonitic (Herrmann et al., 2001).    Low abundance 
of chlorite in the footwall yielded inconsistent Fe-OH absorption values and could not be spatially 
correlated (Herrmann et al., 2001). 
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Figure 7.2: Schematic representations of the ten major styles of VHMS deposits present in 
Australia (Sack, 2009; modified from Large et al., 1992).  No scale is given as these deposits 
vary in size from less than 1 Mt to greater than 10 Mt. 
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The Mount Lyell field deposits are a combination of exhalative seafloor Pb-Zn-Cu 
mineralisation, sub-seafloor high sulfidation bornite-rich mineralisation and deeper level low 
sulfidation chalcopyrite-pyrite mineralisation (Large et al., 1996; Corbett, 2001; Huston and Kamprad, 
2001).  The 6 km long alteration zone is characterised by a pyrite-rich sericite-chlorite-silica schist 
core that is flanked by marginal zones of pyrite-poor sericite and chlorite schists.   The Great Lyell 
Fault is the interpreted locus of hydrothermal alteration and the bulk of the Cu-rich mineralisation 
was formed by greater than 350°C fluids that moved laterally through porous, brecciated felsic lavas 
and volcaniclastic rocks (Walshe and Solomon, 1981; Huston and Kamprad, 2001).  White mica 
compositions around the deeper level disseminated chalcopyrite-pyrite mineralisation at Prince Lyell 
varies from phengitic to paragonitic with proximity to ore (McMillan, 2011).  At Western Tharsis, a 
smaller disseminated Cu-Au deposit in the Mount Lyell field, a decrease in phengite content of white 
mica with proximity to mineralisation was reported (Herrmann et al., 2001).  The abundance of 
pyrophyllite at both Prince Lyell and Western Tharsis also indicate a significant magmatic component 
to the formation of the Mount Lyell field deposits (Hermann et al., 2001; Huston and Kamprad, 2001; 
McMillan, 2011). 
 
 
7.2 Alteration Model for the Hellyer Deposit  
 
The three-staged alteration model proposed by Gemmell and Fulton (2001) describing the 
processes that led to formation of the extensive and well developed alteration system at Hellyer is 
summarised below (Figure 7.3).  Stage 1 regional footwall alteration was formed by the unfocused 
hydrothermal convection of cold seawater down into the recently deposited volcanic pile with 
permeable brecciated lavas, hyaloclastites, polymict debris flows, and synvolcanic faults.  Local 
metasomatic reactions between seawater and the volcanic pile take place at progressively higher 
temperatures at greater depth, forming patchy to pervasive quartz, albite, chlorite, sericite, epidote, 
and hematite alteration throughout the footwall lithologies.  These alteration minerals likely formed 
at temperatures about 200-250⁰C at shallow to moderate depths of 50-200 m (Gemmell and Fulton, 
2001) . 
 
Stage 2 alteration began when seawater that had circulated deep into the volcanic pile 
reacted with andesite and basalt of the Que-Hellyer Volcanics and most likely with the underlying 
Animal Creek Greywacke and Central Volcanic Complex felsic volcanic rocks.  The fluid was focused 
upward along the intersection of the proto-Jack fault and feeder zone fault (Gemmell and Large, 
Chapter 7: Discussion__________________________________________________________ 
 
248 
 
 
1992).  Hydrothermal alteration by structurally controlled fluid flow produced the mineralogically 
zoned alteration pipe and associated stringer zone.  Pervasive alteration started with the 
development of sericite-quartz that was subsequently overprinted by sericite, then chlorite, and 
finally quartz as hydrothermal activity became focused towards the centre of the alteration zone 
(Gemmell and Large, 1992).  This stage 2 fluid flow also produced the syn-mineralization stringer 
zone veining and the overlying massive sulfide deposit.  Primary fluid inclusions in syn-mineralization 
stringer veins suggest temperatures that vary from 170° to 320°C (Zaw et al., 1996).  Modelling by 
Schardt et al. (2001) suggests that the siliceous core formed at temperatures near 350°C, the 
chlorite-rich alteration zone developed at temperatures between 250° and 300°C, and the outer 
sericite-rich alteration formed at temperatures of 250° to 150°C.  Modelling of whole-rock δ18OR
f 
values gives a similar temperature range, with the formation of the stinger zone between 225° and 
310°C  and the stringer envelope zone between 180°  and 280°C (Gemmell and Fulton, 2001).  
 
After polymict debris flows and volcaniclastic rocks partially covered the deposit and rapid 
extrusion of the Hellyer basalt over the deposit (Waters and Wallace, 1992), continuation of the 
hydrothermal system created the final stage of the sericite-pyrite alteration of the hanging wall 
volcaniclastic sequence and the zoned alteration plume in the Hellyer basalt.   The zoned mineral 
assemblage of fuchsite, carbonate-chlorite, silica, albite and sericite suggests a temperature gradient 
from a higher temperature core (fuchsite) to a lower temperature rim (quartz-albite and sericite), 
possibly over a temperature range of 150° to 250°C. Modelling of whole-rock δ18O values also gives a 
similar temperature range (180-250°C) for the formation of the hanging wall alteration (Gemmell and 
Fulton, 2001). 
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Figure 7.3: Schematic three-stage model for the evolution of alteration associated with the 
Hellyer VHMS deposit (Gemmell and Fulton, 2001). (A) Patchy regional footwall alteration 
caused by unfocused, shallow circulation of heated seawater.  (B) Alteration pipe created by 
upflow of deep, structurally focused hydrothermal fluids. Hellyer deposit formed during this 
stage.  (C) Continued upflow of hydrothermal fluids after rapid burial of system by the 
hanging-wall basalt created the hanging-wall alteration. 
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7.3 Current Study 
7.3.1 Fossey and Fossey East 
 
The Fossey deposit occurs within the mixed sequence of the QHV, stratigraphically above the 
largely andesitic footwall and below the basaltic hanging wall.  Similar to Hellyer, the mixed sequence 
at Fossey is dominated by fine to coarse volcaniclastic rocks with local polymict breccias and shallow 
dacitic intrusions (±lavas, breccias).  The Fossey mineralisation is characterised by a tapering massive 
pyrite-base metal sulfide orebody that is overlain by a 30-50 m thick massive to semi-massive barite 
body.   The main footwall alteration pipe is characterised by strong inner quartz-sericite-pyrite 
alteration and outer sericite-quartz-pyrite alteration.  Intense Mg-rich chlorite-pyrite alteration is 
closely associated with massive sulfide mineralisation and its distribution is restricted to 10 m away 
from mineralisation.  Minor K-feldspar alteration is present in the polymict breccia adjacent to the 
massive barite mineralisation and also at the margins of the main alteration pipe.  Strong sericite-
quartz alteration and sulfide clasts in the polymict breccia suggest that the deposition of the mixed 
sequence and the Fossey mineralisation is largely synchronous. 
 
The Fossey East deposit occurs in the footwall sequence of the Fossey deposit and is 
connected to the Fossey deposit by a massive to semi-massive to barite body.  The presence of a fine 
volcaniclastic layer within the massive barite mineralisation suggests that the Fossey East 
mineralisation may be an offset of the original Fossey deposit.  Syn-mineralisation deposition of the 
mixed sequence is supported by the overprinting of the fine-grained volcaniclastic unit by barite and 
also the presence of the barite and sulfide clasts in the volcaniclastic unit.  The andesitic and basaltic 
footwall rocks of the Fossey East deposit are strongly altered by K-feldspar-quartz-sericite-pyrite and 
quartz-sericite-pyrite±K-feldspar.  These alterations zones are surrounded by strong sericite-chlorite-
carbonate-pyrite alteration to form the main footwall alteration pipe.  A stringer zone dominated by 
pyrite-quartz±base metal sulfides is concentrated on the eastern side of the Fossey East footwall 
rocks.  While there is some sericite-quartz-pyrite alteration, most have been overprinted by K-
feldspar and quartz alteration assemblages. 
 
The Fossey and Fossey East deposits represent a smaller hydrothermal system that is very 
similar to Hellyer.  Their smaller tonnage and alteration halo suggest that the associated 
hydrothermal system was not as extensive and well developed as the Hellyer system.  However, the 
zonation patterns are similar at these deposits with a quartz-dominated alteration core, outwards 
into chlorite-sericite and/or sericite-dominant outer zones.  K-feldspar alteration, which represents 
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lower temperature, moderate pH hydrothermal fluids, is also present locally at the Hellyer footwall 
and at Que River (McGoldrick and Large, 1992; Yang et al., 1997).  It is better preserved at Fossey and 
Fossey East most likely because of a presumably lower amount of fluid flow and the overall lower 
temperature of the hydrothermal system compared to Hellyer and Que River.  The alteration 
zonation pattern and the locally developed stringer zone at Fossey and Fossey East suggest that 
these deposits were formed by focussed, relatively hot fluids, in a similar scenario to Hellyer. 
 
 
7.3.2 Mount Charter  
 
The Mount Charter mineralisation is hosted entirely within the dacitic lavas and breccias as 
Ba-Au-Ag veins and breccias with minor Pb-Zn.  The units are strongly altered by pervasive K-
feldspar-quartz-sericite-pyrite with areas of strong chlorite alteration overprinted by K-feldspar and 
quartz.  Mineralisation appears to be strongly controlled by host rock permeability.  While coherent 
lavas contain weak to moderate barite-pyrite-base metal sulfide veining, the clastic sections are 
more strongly mineralised with barite-pyrite-base metal sulfide in the breccia matrix.  Pervasive K-
feldspar alteration indicates an overall lower temperature hydrothermal system than the Hellyer, 
Fossey and Que River deposits.   
 
The lack of alteration zonation also suggests that the hydrothermal fluids were largely unfocussed.  
The alteration and mineralisation observed at Mount Charter suggests that hydrothermal system did 
not get hot enough and did not contain a synvolcanic fault which would have produced a more 
focused hydrothermal upflow zone.  Alternatively, current drilling may have only sampled the 
peripheral parts of the system.   Minor Mg-rich chlorite was observed near the high stress zone on 
the eastern side of the deposit and the strong sericite-pyrite mineralisation along the high stress fault 
may be a potential lead to a more developed alteration system where a larger hydrothermal system 
exists.    
 
 
7.4 Vectors to Mineralisation 
7.4.1 Whole-rock Geochemistry  
 
Whole-rock geochemistry shows a strong linear trend from Hellyer to Mount Charter that 
broadly defines a hydrothermal system that affects the QHV regionally.  This trend is defined by a 
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strong Na2O depletion that is coincident with strong K2O enrichment and Alteration Index values.  
Strong sericite and K-feldspar alteration defined by element molar ratios are also concentrated along 
this linear trend.  In three-dimensional projections of these alteration groups, the strong sericite and 
K-feldspar highlights the deposits and their associated footwall rocks.  Moderate to weak sericite, 
albite and least-altered rocks occupy the more peripheral locations around this linear trend and also 
in the Hellyer hanging wall.  Since strong and intense chlorite alteration is restricted to the 
immediate footwall of the massive sulfide mineralisation and in some parts of the footwall alteration 
pipe (often with sericite), chlorite distribution is not as pervasive as sericite and thus its geochemical 
signatures are often obscured by the relative abundance of sericite.  As such, the chlorite and 
sericite-chlorite alteration zones are not well defined regionally and there is no obvious Mg 
enrichment related to chlorite alteration in the Hellyer to Mount Charter linear trend. 
 
In the Que-Hellyer district, the best indicators for strong hydrothermal alteration associated 
with VHMS mineralisation are whole-rock Na2O and depletion, K2O enrichment and the Alteration 
Index.  The location of the known deposits are further highlighted by pronounced enrichments in As, 
Tl, and Sb.  More broad and moderate enrichments in S, Rb, Mo, W, and Cs and depletions in CaO, Sr 
and Li also outline the hydrothermal alteration halos around the deposits.  Isocon diagrams used to 
comparing the various alteration zones at Fossey and Fossey East also show that most of alteration 
assemblages related to the hydrothermal alteration around these deposits are characterised by 
significant mass gains in K, Ba, Rb and mass loss in Na and Ca.  The incomplete dissolution of barite 
using four-acid digestion (used in Bass Metals regional samples) yielded low Ba concentrations 
around the deposits and are considered unreliable.    
 
 
7.4.2  Controls on Whole-rock Geochemistry 
 
While chlorite and K-feldspar are important alteration minerals in the hydrothermal system 
in the QHV, sericite is the most dominant and pervasive alteration mineral.  Strong sericite alteration 
highlights the main host and footwall rocks of the VHMS deposits and extends into the outer 
alteration halos as moderate and weak sericite alteration zones.  The distribution and intensity of 
sericite alteration have close associations with the overall trend of the major and trace element 
variations that are observed in the area.  Strong sericite altered rocks have distinctly higher As, Tl, Sb, 
Mo, W, Rb and Cs contents and as a result, these elements are also concentrated in the alteration 
halos around the Hellyer, Fossey, Que River and Mount Charter deposits.  Similarly, the elements 
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that are most depleted in sericite altered rocks, such as Sr and Li, show overall depletion around the 
deposits in the Que-Hellyer area.  However, not all of the trace element variations are associated 
with sericite, some elements such as As, Tl, Sb, and Mo are also affiliated with pyrite and other 
sulfide mineralisation which co-exist with sericite.  It is unclear which mineral or minerals control the 
distribution of Li.  The apparent depletion in Sr could be related to the dissolution problem of barite 
in four-acid digest ICPMS analyses since Sr commonly substitutes for Ba in barite.  Similarly Sr also 
substitutes for Ca and whole-rock CaO depletion is also present in the footwall alteration halo. 
 
 K-feldspar altered samples show similar trace element variations as the strong sericite 
altered rocks since the trace element substitutions related to K also affect K-feldspar.  Chlorite is not 
as widely distributed as sericite, and thus trace element variations related to chlorite are often 
masked by and confused with primary compositions in whole-rock geochemistry.  The study of 
variations in chlorite chemistry is best carried out by analysing the individual mineral grains and SWIR 
spectrometry.  
 
 
7.4.3 Mineral Chemistry  
 
White mica alteration closest to VHMS mineralisation in the Que-Hellyer Volcanic rocks can 
be described as strong phengitic mica, with high Mg/(Mg+Fe) and elevated Ba, Tl, Sb, F and locally Zn 
concentrations.  These phengitic micas are also depleted in Na, Ni and Co compared to background 
(unaltered) samples.  Chlorite alteration closest to mineralisation is characterised by high 
Mg/(Mg+Fe) ratios with elevated Mg, F, Li, Zn and As concentrations and depleted Aliv, Fe, Na, Co, Ni 
and Cr concentrations.  Proximal to the Mount Charter mineralisation, secondary K-feldspar is 
enriched in K, Ba, Ca, Rb, As, Tl, Sb, Zn and Pb and depleted in Na, Sr and Y contents. 
 
Regional SWIR data have shown that the VHMS mineralisation and alteration halos are 
characterised by long wavelength phengitic mica (Al-OH 2210-2218 nm).  Fe-OH absorption 
wavelengths also show systematic variations that suggest more Mg-rich chlorites are formed 
proximal to the deposits, while relatively Fe-rich chlorites are more common on the peripheries.  
Chlorites around the Hellyer, Fossey, Que River and Mount Charter deposits and footwall alteration 
are characterised by Fe-OH wavelength of less than 2252 nm.  Regional Mg-OH data appears to be 
less coherent than the Fe-OH data, suggesting that the 2350 nm signal is strongly affected by the 
presence of co-existing white mica in shorter data acquisition times. 
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7.5  Implications to Exploration 
 
The combined use of regional whole-rock geochemistry, SWIR, and mineral chemistry is an 
effective way to highlight prospective areas for VHMS mineralisation.  Regional SWIR data shows that 
potential upflow zones are highlighted by moderate to long wavelength (phengitic) white mica and 
short wavelength (Mg-rich) chlorite alteration (Figure 7.4).  This has been coupled with whole-rock 
geochemical analyses to determine the major and trace metal trends towards the deposits.  Whole-
rock and mineral chemistry vectors to mineralisation in the Que-Hellyer district are: 
 
Whole-rock Geochemistry (summarised in Table 7.1): 
1) Tl, As, and Sb enrichment around VHMS mineralisation and altered footwall rocks 
2) Na2O, CaO, Sr depletion in footwall, Li depletion more subtle  
3) K2O, S, Rb, Cs, W enrichment, pyrite mineralisation in footwall  
4) Mo enrichment around Mount Charter, but not as obvious around Hellyer and Que River 
5) Whole-rock Zn ratio are around 55-75 in footwall alteration halos, increasing gradually 
away from the deposits  
 
White Mica Mineral Chemistry: 
1) Tl, Sb, Ba, Zn, F concentrations and Mg/(Fe+Mg) ratio in white mica increase towards 
mineralisation. 
2) Na, Ni, Co, and Cr concentrations decrease towards mineralisation.   
 
Chlorite Mineral Chemistry: 
1) Si, F, As, Sb, Tl, Li, Zn concentrations and Mg/(Mg+Fe) ratios in chlorite increase towards 
mineralisation. 
2) Fe, Aliv, Na, Co, Ni and Cr concentrations decrease towards mineralisation.   
 
K-feldspar Mineral Chemistry: 
1) K, Ti, Ba, Ca, Rb, Tl, Sb, As, Zn, Pb concentrations and the orthoclase component in K-
feldspar increases towards mineralisation 
2) Na, Sr and Y concentrations decrease towards mineralisation. 
 
  
__________________________________________________________Chapter 7: Discussion                     
 
255 
 
 
Table 7.1 Summary of whole-rock trace element concentrations as useful proximity vectors to 
mineralisation. 
Element Concentration Proximity to mineralisation 
Tl > 4 ppm 200-300 m (up to 500 m on strike) 
As > 200 ppm 
> 150 ppm 
200-300 m 
500-600 m around Hellyer and Que River 
Sb > 30 ppm 
> 15 ppm 
200-300 m 
400-500 m around Hellyer and Que River 
K2O > 4.0 wt.% 
 
500 m  
Also along Hellyer to Que River corridor 
Rb > 110 ppm 400-500 m 
Also along Hellyer to Que River corridor 
Cs > 4 ppm 300-400 m (up to 500 m) 
Mo > 4 ppm 200-300 m (high Mo in QRS is not an 
exploration vector) 
Na2O < 1.5 wt.% 
 
 
300-500 m (up to 500-700 m deep below 
mineralisation) 
Also along Hellyer to Que River corridor 
CaO < 1.5 wt% 300-500 m 
Also along Hellyer to Que River corridor 
Sr < 55 ppm 300-500 m 
Li < 5 ppm 300 m 
 
 
The use of alteration mineral chemistry provides a greater understanding on the controls of 
alteration mineralogy on whole-rock geochemistry.  The major and trace element variation trends in 
white mica, K-feldspar, and chlorite are reflected in whole-rock geochemistry depending on the 
abundance of the alteration mineral.  Due to the overall abundance of sericite (white mica) in the 
Que-Hellyer district, the whole-rock concentrations of K2O is strongly related to the whole-rock 
enrichments of Rb, Tl, Sb, (Ba), Zn, and whole-rock depletions of Ni and Co.  The trace elements that 
show additional variations with proximity, such as Tl and Sb, within white mica, are therefore 
potentially even more robust exploration vectors.  Similarly Ba enrichment in proximal white mica 
(and K-feldspar) can also be a strong pathfinder element if whole-rock Ba concentrations can be 
determined accurately and economically for exploration purposes.  Future studies may investigate 
the variations in Tl, Sb, and other trace element concentrations in pyrite to further assess their 
distribution in the VHMS hydrothermal system in the Que-Hellyer Volcanics. 
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The three mineralising systems in the Que-Hellyer district are separated by approximately 3 
km.  This appears to be the optimal periodicity of the hydrothermal convection cells in this district as 
suggested by the interpreted upflow zones (Figure 7.4).  Therefore, exploration should also 
concentrate along the ore equivalent stratigraphy 3 km north of Hellyer and also 3 km south of 
Mount Charter. 
 
 
 
Figure 7.4: Schematic long section of the Que-Hellyer district showing the interpreted upflow zones 
and the whole-rock geochemical vectors to mineralisation. 
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Chapter 8 – Conclusions 
 
The aim of this project is to characterise and improve the current understanding of the 
hydrothermal alteration system associated with the VHMS deposits in the Que-Hellyer district.  This 
has been achieved by examining the hydrothermal alteration around the less studied Mount Charter, 
Fossey and Fossey East deposits, combining all the data available from Hellyer, Que River and the 
regional areas, and considering the alteration systems around theses deposits as being parts of a 
much larger hydrothermal system that affected the whole Que-Hellyer district.  The research 
outcomes of this thesis are used to determine most effective exploration tools in the district. 
 
The main conclusions of this study are as follows: 
Mount Charter 
 The Mount Charter mineralisation occurs in dacitic lavas and breccias and is strongly 
controlled by host rock permeability (i.e., breccias).  Coherent units contain weak to 
moderate barite-pyrite-base metal sulfide veining, while clastic sections are more strongly 
mineralised with barite-pyrite-base metal sulfide in the breccia matrix. 
 
 The dacitic units at Mount Charter are strongly altered by pervasive K-feldspar-quartz-
sericite-pyrite with areas of strong chlorite alteration overprinted by K-feldspar and quartz.   
The pervasive distribution of K-feldspar is documented in the majority of the main alteration 
zone defined in current drilling.  The hydrothermal fluids that affected the units were 
relatively unfocussed, of relatively low temperatures (<150°C) and neutral to slightly alkaline 
pH. 
 
 The identification of Mg-rich chlorites (Mg/(Mg+Fe)=0.63) and strong sericite-pyrite 
alteration near the Mount Charter high strain zone suggest the presence of higher 
temperature hydrothermal fluids that may have been focussed along the synvolcanic(?) 
structure. 
 
Fossey and Fossey East 
 The mixed sequence at Fossey contains a thick (~50 m) polymict breccia that occurs between 
the fine-grained hanging wall volcaniclastic unit and the strongly altered andesitic footwall.  
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The massive barite body occurs at the same stratigraphic horizon as this polymict unit and 
contains some fragmental textures that suggest local reworking of barite crystals and clasts. 
 
 The Fossey footwall alteration pipe is largely zoned and varies from an inner quartz-sericite-
pyrite alteration zone into a sericite-quartz-pyrite zone with local sericite-chlorite-carbonate-
pyrite alteration.  Outside the main alteration pipe, the footwall rocks are significantly less 
altered and are generally only affected by weak to moderate chlorite-sericite-
carbonate±epidote alteration with minor albite-quartz-K-feldspar alteration.  Dark Mg-rich 
chlorite is restricted to less than 10 m from the massive sulfide mineralisation. 
 
 K-feldspar alteration is also present in the Fossey footwall as K-feldspar altered clasts in the 
polymict breccia and near the margins of the main footwall alteration pipe.  The presence of 
hydrothermal K-feldspar indicates the cooler parts of the hydrothermal system. 
 
 The Fossey East massive sulfide deposit is connected to the Fossey deposit by massive barite-
quartz-pyrite mineralisation. The barite- and quartz-rich domains are often deformed and 
the elongated domains are aligned approximately with the banding in the massive sulfides.  
Some coarse barite crystals are present locally but they are less common and not as well 
preserved as those observed at Fossey. 
 
 A thin layer of fine volcaniclastic unit occurs within the Fossey East barite mineralisation and 
is locally replaced by barite mineralisation.  Angular barite clasts and rounded sulfide clasts 
occur within this volcaniclastic unit, suggesting syn-deposition of the barite-sulfide 
mineralisation and the volcaniclastic unit.  The presence of the fine volcaniclastic material 
within the Fossey East mineralisation suggests that Fossey East may be an offset of the 
original Fossey deposit.   
 
 The main footwall alteration pipe at Fossey East is characterised by an inner quartz-sericite-
pyrite±K-feldspar, an intermediate K-feldspar quartz-sericite-pyrite zone and an outer 
sericite-chlorite-carbonate-pyrite zone.  Like Fossey, a thin 1-5 m zone of intense chlorite-
pyrite±sericite alteration occurs immediately adjacent to the massive barite and sulfide 
mineralisation.  A series of pyrite-quartz and pyrite-quartz-base metal sulfide veins are 
concentrated on the eastern side of the K-feldspar and quartz alteration zones and is likely 
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part of the footwall stringer zone below Fossey East that has now been repositioned by 
possible isoclinal folding of the massive sulfide orebody. 
 
 Sericite (white mica) is ubiquitous in the footwall rocks at Fossey and Fossey East occurs in 
most of the footwall alteration zones.  Isocon diagrams comparing the various alteration 
zones show that most of alteration assemblages related to the hydrothermal alteration 
around these deposits are characterised by significant mass gains of K, Ba, Rb and mass loss 
of Na and Ca. 
 
 The zoned footwall alteration pipe at Fossey and Fossey East suggests that the deposits were 
formed from relatively focused hydrothermal fluids similar to that at Hellyer.  However, their 
small tonnage and alteration halo suggest that the hydrothermal convection system was not 
as extensive and well developed as the one that formed the Hellyer deposit.   
 
Que-Hellyer District 
 Ten lithogeochemical groups can be recognised in the Que-Hellyer district using whole rock 
Ti, Zr, Cr, Sc, V, Th, P, and Ce concentrations.  These are: basalt, high Cr basalt, moderate Cr 
low Ti/Zr basalt, andesite, high Cr andesite, high Th andesite, dacite, high Ti/Zr dacite, high 
Th dacite, rhyodacite.  Historic exploration samples can be separated into similar 
lithogeochemical groups such as basalt, high Cr basalt, andesite, high Cr andesite, 
dacite/andesite, rhyodacite, using Ti, Zr, and Cr concentrations. 
 
 Alteration groups classified by K/Al, Na/Al and (Fe+Mg)/Al molar ratios and the alteration box 
plot highlight a linear trend of strong sericite and K-feldspar altered rocks that is semi-
continuous from Hellyer to Mount Charter.  This linear trend is accompanied by high 
Alteration Index values, strong K2O enrichment, and strong Na2O depletion. 
 
 While Na2O depletion is a strong indicator of feldspar destruction due to hydrothermal 
alteration, the K2O concentrations and high Alteration Index values is a strong indicator of 
sericite alteration.  MgO enrichment (commonly identified at other VHMS systems) is rarely 
observed in the Que-Hellyer district due to the low abundance of chlorite alteration. 
 The hydrothermal alteration that is associated with the Hellyer, Fossey, Que River and Mount 
Charter mineralisation is enriched in As, Tl, Sb, Mo, W, Rb and Cs with very local Bi and Se 
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highs.   This enrichment is accompanied by depletions in Sr and Li.  Zn ratios between 55-75 
also indicate rocks that have been affected by strong hydrothermal alteration.   
 
 The trace element composition of sericite is an important control on the whole rock 
geochemical signature of the hydrothermal alteration due to its wide distribution and its 
abundance in the QHV district. 
 
 White mica alteration closest to VHMS mineralisation in the QHV can be described as strong 
phengitic mica, with high Mg/(Mg+Fe) and elevated Ba, Tl, Sb, F and locally Zn.  These 
phengitic micas are also depleted in Na, Ni and Co compared to regional samples.   
 
 Chlorite alteration closest to mineralisation are characterised by high Mg/(Mg+Fe) with 
elevated Mg, F,  Li, Zn and As and depleted Aliv, Fe, Na, Co, Ni and Cr contents.  Thallium and 
Sb are elevated in the chlorite sample closest to the Mount Charter mineralisation, but not a 
Fossey.  
 
 Proximal to the Mount Charter mineralisation, secondary K-feldspar is enriched in K, Ba, Ca, 
Rb, As, Tl, Sb, Zn and Pb  and depleted in Na, Sr and Y. 
 
 Regionally, white mica and chlorite exhibit compositional variations that can be detected 
efficiently and economically using SWIR spectrometry.   
 
 VHMS mineralisation and alteration halos are characterised by long wavelength phengitic 
mica with Al-OH absorption features between 2210 and 2218 nm.   
 
 Chlorite Fe-OH absorption wavelengths also show systematic variations with Mg-rich 
chlorites (<2252 nm) proximal to the deposits, and relatively Fe-rich chlorites on the 
peripheries.  Regional Mg-OH data appears to be less coherent than the Fe-OH data, 
suggesting that the 2350 nm signal is strongly affected by the presence of co-existing white 
mica in shorter data acquisition times. 
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Exploration Implications 
 The three mineralising systems in the Que-Hellyer district are separated by approximately 3 
km.  This appears to be the optimal periodicity of the hydrothermal upflow zones in the 
district and exploration should focus along the ore equivalent stratigraphy 3 km north of 
Hellyer and also 3 km south of Mount Charter. 
 
 There are areas around the known deposits in the Que-Hellyer district that have similar 
geochemical footprints as the VHMS deposits.  These areas are located north of Hellyer (at 
depth), south of Fossey, and along the high strain zone and at depth at Mount Charter.   
 
Recommendations for Future Work 
1. Future alteration studies may include the trace element analysis of pyrite and other sulfides 
to further investigate the distribution of Tl and Sb.  LA-ICPMS data from Rosebery show that 
Tl is elevated in galena and early pyrite, where it is largely present in Pb-Bi-Ag-Sb-rich 
inclusions.  Although no systematic relationship could be derived from sulfide Tl contents at 
Rosebery, the technique may be found useful in the Que-Hellyer district. 
 
2. Regional deformation tends to partition strain into the less competent rocks, such as ductile 
massive sulfide bodies and zones of strong sericite alteration.  A better understanding of the 
structural geology of the Que-Hellyer district may provide new exploration targets. 
 
3. A more in-depth study on the nature and orientation of the dacite breccias at Mount Charter 
could help delineate any structural preference for fluid migration.  A more rigorous vein 
paragenesis study with fluid inclusion studies may help to unfold the different conditions and 
characteristics of the mineralising fluids at Mount Charter compared to Hellyer.  
 
4. For exploration, portable XRF analyses should be performed on the same samples used in 
this study to correlate with the whole rock geochemistry in order to assess whether analyses 
made by the portable XRF can accurately measure the major and trace element variations 
that are useful in the Que-Hellyer district. 
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